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Abstract

�is thesis describes the design and realization of two-dimensional acoustic
particle velocity sensors based on thermal convection.�e sensors are of the
order of mm×mm and consist of two crossing wires with each wire sensing the
acoustic particle velocity in the direction parallel to it.�eir small size allows the
measurement of particle velocity with high spacial resolution and minimal distur-
bance of the sound �eld. Due to the inherent geometry of the design, the sensors
have equal sensitivity in both directions and polar patterns exactly orthogonal to
each other.�erefore, no calibration is required.
Sensors with varying electrical and mechanical properties were designed,

fabricated and characterized. �e results give insight in the optimum sensor
con�guration as well as the in�uence of each aspect on the quality of the sensor
in terms of sensitivity, bandwidth and power consumption. �e in�uence of
oscillatory boundary layer e�ects on the performance of the sensor was studied in
more detail and lead to a sensor design optimized for low frequencymeasurements.

�e impact of metal �lms on the performance of the crossed-wires particle
velocity was studied.�is new insight resulted in the fabrication of sensors with
higher sensitivity across the entire bandwidth, better reproducibility and long
term stability.
Experiments in liquid environment show that this design is also suitable for the

measurement of particle velocity in such environments.While further investigation
is needed to optimize the design for underwater measurements, the current results
are very promising.

�e devices are smaller and mechanically more robust than existing parallel-
wires particle velocity sensors.�is allows for higher resistance against drag forces
during high intensity measurements, harsh fabrication steps and, consequently,
higher fabrication yield. Contrary to the fabrication method used for previous
versions of particle velocity sensors which relied on dicing, the crossed-wires
design allows a break-out method to be used for separating the chips from the
wafers.�is technique is faster, cheaper and less harsh on the sensors hence further
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increasing yield.
�ese sensors require only four electrical connections to the external electrical

circuit reducing assembly time and thus also costs. In conclusion, the design proves
to be versatile and highly customizable allowing it to be tailored to applications
with speci�c requirements in regard to sensitivity, mechanical robustness, power
consumption and frequency region of interest.
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Chapter 1

Introduction

Sound is the physical phenomenon that involves small, time-varying disturbances
in the medium in which it propagates.�ese small disturbances are associated
with local pressure changes and small vibrational movements of the particles of
the medium. Consequently, sound is composed of composite pressure and particle
velocity waves. In everyday life, mostly the pressure wave component is referred
to as sound because human ears are sensitive only to pressure variations. For a
complete description of a sound wave however, both the pressure and particle
velocity components are needed.
Sound pressure is usually measured using a sound pressure microphone.�e

most common type of such a transducer consists of a membrane covering an
enclosed region. Pressure �uctuations on the outside cause the membrane to bend
because of the pressure di�erence.�is pressure di�erence can then be calculated
by detecting the de�ection of the membrane. Sound pressure is given in Decibel
(dB) with  µPa as reference.
While sound pressure is a scalar quantity and as such is described by a mag-

nitude only, particle velocity is a vector quantity described by a magnitude and
direction.�e word ‘particle’ can in this context be considered as small volumes
of the medium in which the sound wave propagates. When referring to particle
velocity in acoustics, the velocity of such small volumes is intended. Acoustic
particle velocity can be given in m s− or in dB with  nm s− as reference.
Particle velocity sensors are less common than sound pressure sensors. Di�er-

ent techniques have been employed in the past for the measurement of acoustic
particle velocity. One of them is the micro�own [, ], Figure 1.1. It consists of
two or three silicon nitride beams of approximately mm length with a platinum
layer on top.�e central wire is electrically heated to about K while the two
wires on the side act as temperature sensor by using the temperature dependent
resistivity of the platinum. In presence of a �ow perpendicular to the wires, the
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Figure 1.1: SEM photo of a micro�own consisting of two closely spaced wires that act
simultaneously as heaters and sensors. Photo taken from [].

(a) (b)

Figure 1.2: (a) Sound intensity probe consisting of three particle velocity sensors (mi-
cro�owns) and a sound pressure microphone. (b) Sound intensity probe from G.R.A.S.

temperature distribution will change asymmetrically leading to a temperature
di�erence between the two sense wires. �is temperature di�erence causes a
change in resistance of the two sense wires which is a measure for the particle
velocity.
Multiple one-dimensional particle velocity sensors in combination with a pres-

sure microphone can be used for the measurement of sound intensities. Figure 1.2a
shows such a probe where three particle velocity sensors and a sound pressure
microphone are �xed on a steel frame. Its small size allows higher spacial resolution
compared to existing D sound intensity probes using pressure microphones,
Figure 1.2b.

�e same principle of the micro�own has been expanded to multiple parallel
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(a) (b)

Figure 1.3: (a) SEM photo of a D particle velocity sensor consisting of three pair of closely
spaced wire. Each pair or wires acts as a single micro�own and measures acoustic particle
velocity in one direction. (b) D sound intensity probe consisting of a D particle velocity
sensor and integrated pressure sensor [].

wire con�gurations thus allowing the measuring of acoustic particle velocity in
three dimensions by a single sensor, Figure 1.3a[–].�ese designs have been
expanded even further by integrating also a pressure sensor thus allowing D
sound intensity measurements by a single sensor, Figure 1.3b. Despite their good
performance, these integrated designs showed misalignment of the directions of
maximum sensitivity.

1.1 Aim of this thesis and outline

�is research project was initiated with the main goal to optimise the existing
design of the micro�own, most importantly its signal to noise ratio, particularly at
low frequencies. Moreover, integrated multi-dimension particle velocity sensors
currently used show misalignment of the directions of maximum sensitivity
while using di�erent one-dimensional micro�owns requires calibration.�e two-
dimensional particle velocity sensors described in this thesis require no calibration
resulting in lower manufacturing costs. In addition, the sensors are more compact
allowing higher spacial resolution and less distortion of the sound �eld surround-
ing the probe. Finally, these sensors show also higher mechanical robustness
compared to previous deigns thus increasing fabrication yield and resistance
against drag forces during high intensity measurements.
In chapter 2, a particle velocity sensor based on two crossing wires is presented.

�is new design enables the measurement of acoustic particle velocity in two
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dimensions, has lower power consumption compared to the micro�own and also
excellent directionality at the expense of a slight increase in selfnoise.
In chapter 3 a �rst analytical model of this new design is presented. �e

calculated temperature pro�les are compared to Finite Element Method simu-
lations. Furthermore, the analytical model is expanded to include the dynamic
performance of the particle velocity sensor.

�e characterization together with measurements performed to optimise the
design of the crossed-wire particle velocity sensor are presented in chapter 4.�e
impact of several geometrical properties like wire length, width and thickness on
the performance of the sensor is described.
An alternative design optimized for low frequency measurements is presented

in chapter 5. Although slightly more di�cult to manufacture, it shows improved
performance for frequencies below  kHz.
Chapter 6 deals with the impact of the metal �lm of the wires on the per-

formance of the sensor. Sensors with di�erent metal �lms were fabricated and
characterized.�e results can be used to increase the signal to noise ratio of the
sensors as well as their long term stability.
Chapter 7 describes the performance of the crossed-wire particle velocity

sensor in liquid environment. Experiments show that this design can in principle
be used for the measurement of particle velocity underwater.
Chapter 8 comprises a summary of the thesis and the �nal conclusions.
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Chapter 2

A D acoustic particle velocity sensor with
perfectly orthogonal sensitivity directions

2.1 Introduction

Particle velocity sensors based on thermal convection, either as single sensor[,
] or in combination with a microphone, have been used in the past for the
measurement of one- and three-dimensional sound intensities[–], acoustic
impedances[, ], acoustic (in situ) absorption and pressure[, ]. A widely
used particle velocity sensor is the Micro�own[, –]. It consists of three silicon
nitride beams of ≈mm long with a platinum layer on top.�e central wire is
electrically heated to about Kwhile the twowires on the side act as temperature
sensor by using the temperature dependent resistivity of the platinum. In presence
of a �ow perpendicular to the wires, the temperature distribution will change
asymmetrically leading to a temperature di�erence between the two sense wires.
�is temperature di�erence causes a change in resistance of the two sense wires
which is a measure for the particle velocity.�is principle has been extended to
multiple dimensions by using multiple parallel wire con�gurations[–].
In this work we present a particle velocity sensor, �gure 2.1, which consists

of two crossed, rather than parallel wires and is capable of measuring particle
velocity in two dimensions simultaneously while consuming only half the power
required by themicro�own.�is new design shows excellent directional sensitivity,
comparable bandwidth and performance per unit of used power. Furthermore,
di�erent runs during fabrication have shown that the crossed-wire structure is
mechanically more robust than existing parallel–wire designs.

�is chapter is based on “A D acoustic particle velocity sensor with perfectly orthogonal sensitivity
directions” by O. Pjetri, R.J. Wiegerink, T.S.J. Lammerink, G.J.M. Krijnen, published in Sensors and
Actuators A: Physical, doi:./j.sna..., ()
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Figure 2.1: SEM picture of a crossed-wire D particle velocity sensor. �is new design
consists of only two crossed wires and allows the simultaneous measurement of particle
velocity in two dimensions.�e wires of dimensions  µm× µm×. µm are made of
a  nm SiRN layer with a  nm platinum layer on top.

2.2 Operating principle

�e sensor of size .mm×mm×.mm consists of two, crossed silicon nitride
wires of dimensions  µm× µm×. µm with a  nm platinum layer on top
as shown in �gure 2.1.�e two wires are used both as heaters and sensors using
the temperature dependent resistance of the platinum layer. Each wire can be
considered as two resistors in series making electrical contact at the crossing
point as shown in �gure 2.2.�e two wires are heated up to a temperature of
K–K in the center by injecting two currents with equal magnitude in
both terminals of one of the wires and extracting them from the terminals of
the other wire. In the absence of �ow, the temperature pro�le along each wire
will be symmetrical resulting in both halves of each wire to have equal electrical
resistance. Because the currents �owing through each part of a wire have equal
magnitude but opposite direction, the voltage across each half of a wire will have
equal magnitude but opposite polarity leading to no voltage di�erence between
the terminals of each wire. In the presence of a �ow component along a wire,
the temperature pro�le along that wire will change asymmetrically leading to a
di�erent average temperature, and thus resistance, between the two parts of the
wire; this is illustrated in �gure 2.3. A di�erence in average resistance between the
two halves of a wire in combination with currents of equal magnitude, will cause
di�erent voltage drops across each part of the wire which in turn will give rise to a
voltage di�erence across the terminals of that wire.�is voltage di�erence is then
a measure for the particle velocity in the direction parallel to that wire.
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V2 (+)

V1 (+)

V2 (−)

V1 (−)

Figure 2.2: Each wire can be considered as two resistors in series making electrical contact
at the crossing point of the two wires.�e wires are heated up to a temperature between
K and K by an electrical current.

R1 + δR

No �ow
With �ow

Temperature
pro�les

R2 - δR

Figure 2.3: In the absence of �ow, the heat dissipated by the wires will give rise to a
symmetric temperature pro�le along each beam resulting in equal average resistance of
the two parts of each beam. A particle velocity component along a beam will distort this
temperature pro�le causing part of the beam to have a higher average temperature, and
thus average resistance, compared to the other.�is di�erence in average resistance is a
measure for the particle velocity along that beam.

2.3 Fabrication

�e sensors are fabricated using one side polished (OSP),  µm thick {  }
silicon wafers with a diameter of  cm.�e process �ow for the fabrication of the
sensors is shown in �gure 2.4. First, a  nm Silicon Rich Silicon Nitride (SiRN)
layer is deposited by Low Pressure Chemical Vapor Deposition (LPCVD) at  ○C
(a). Next, the metal layer needed for the wires and bond pads is patterned by li�-
o�.�is is done by performing a lithographic step (b) followed by sputtering a
 nm/ nm Pt/Cr �lm (c).�e thin chromium layer is used for better adhesion
of platinum onto the SiRN layer.�e photoresist is then stripped in ultrasonically
agitated acetone bath, leaving the patterned platinum on the SiRN layer (d). A
second lithographic step follows which together with the patterned platinum layer
will be used as a mask for patterning the SiRN layer (e).�is is done by Reactive-
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Ion Etching (RIE) at a pressure of mTorr, SF �ow of  sccm and W of
power.�e beams are then released from the silicon bulk by a second RIE step at
an increased pressure of mTorr (f). A pit under the beams is then etched in
Potassium Hydroxide (KOH) up to  µm deep (g). Before dicing, the beams are
protected by covering the entire wafer with photo resist and baking it for min at
 ○C (h). A�er dicing, the resist is removed by immersing the devices in acetone
followed by Isopropyl Alcohol (IPA).

2.4 Experimental results

Crossed-wires particle velocity sensors with wire width of  µm and  µm were
fabricated and fully characterized.

2.4.1 Driving and readout electronics

�e bare sensor die was mounted on a  cm× cm custom made printed circuit
board containing all the necessary electronics for driving and readout of the sensor.
�e driving circuit is responsible for injecting two currents of equal magnitude
into the terminals of one wire and extracting these currents from the terminals of
the other. Figure 2.5 shows the schematic of the implemented circuit.�e circuit is
based on a current mirror topology: the currents through Q and Q will be equal
to the current through Q while the currents through Q and Q will be equal to
the current through Q. Potentiometer R determines the current through Q and
Q and consequently also the current through the wires of the sensor. As can be
noticed by the working principle of the current mirror, it is of high importance
that the transistors be matched. For this reason, matched transistor arrays of
type THATS (Q, Q, Q) and THATS (Q, Q, Q) were used. Emitter
degeneration resistors (R through R) of Ω were added for improved matching.
Furthermore, these transistor arrays have a voltage noise of only . nV/

√
Hz

making them very suitable for this application.
�e di�erential output of each wire is bu�ered and ampli�ed using low noise

instrumentation ampli�er of type AD with × gain setting.�e power
rails for these ampli�ers,  V and −V, were supplied by low noise linear voltage
regulators of type TPSA and TPSA while the current mirror circuit
shown in �gure 2.5 was fed with V using a TPSA linear voltage regulator.
Lead acid batteries of V and −Vwere used to power the board. All responsivity
and noise measurements were performed using a Siglab – signal analyzer.
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Top ViewVertical cut

a)

c)

d)

e)

f)

g)

SiRN SiResist Metal

h)

b)

Figure 2.4: Process �ow of the fabrication process of the Micro�own. (a)  nm SiRN
deposition. (b) lithography. (c)  nm Pt sputtering. (d) li�-o� of Pt. (e) lithography. (f)
Reactive-IonEtching of SiRN. (g)KOHetching. (h) protecting of thewireswith photo resist
and dicing.
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R R R

Q Q Q

R

R R R

Q Q Q

V

ChipV+

V+

V-

V-

Figure 2.5: Schematic of the circuit used for driving the crossed-wire particle velocity
sensor.�e current through each terminal of a wire is set by varying potentiometer R.

2.4.2 Wire resistance and maximum dissipated power

�e maximum power that can be dissipated by the wires without drastically
reducing their lifetime depends on the maximum temperature that the metal layer
can handle. Several tests in the past have shown that  nm/ nm Pt/Cr layers
can safely operate at temperatures of – ○C[][]. A direct measurement
of the temperature pro�le of the wires is rather di�cult. However, a rough estimate
can be made based on their change in electrical resistance when heated up as
shown in �gure 2.6.�e temperature dependence of the resistance is calculated
using:

∆R
R

= α∆T (2.1)

with R being the resistance at room temperature and α the Temperature Coe�-
cient of Resistivity (TCR). For Pt/Cr layers, theTCR is approximately ×− K−[].
At room temperature, the resistance values of a single wire were measured to be
Ω and Ω for chips with wire width of  µm and  µm, respectively.�e
change in resistance with increasing total power dissipation was measured for both
chips.�e results are shown in �gure 2.6. Using equation 2.1 we can calculate the
average temperature increase to be  ○C for the  µm wires operating at mW
and  ○C for the  µm wires operating at mW. One must keep in mind that
these calculations assume a uniform temperature increase of the entire beamwhile
in reality, the temperature pro�le will peak in the center where the two wires cross
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Figure 2.6:Measured and �tted total resistance of a single wire normalized to the resistance
at room temperature (R) as a function of the total dissipated power for both chips.�e
polynomial’s coe�cients are a = ., a = ., a = −. and a = ., a = .,
a = −. for the sensors with  µm and  µm wire width, respectively.

each other. Furthermore, the temperature dependence of resistance is non linear
at high temperatures [].

2.4.3 Responsivity measurements

A schematic of the setup used for responsivitymeasurements of the particle velocity
sensors is shown in �gure 2.7.�e method applied [, ] makes use of the
known sound �eld in front of a loudspeaker in a spherical housing and allows
for measurements of the entire frequency range in two steps: one for the low
frequency range, Hz– kHz and the other for the high frequency range,  kHz–
 kHz.�e speaker consists of a hard plastic sphere with a diameter of  cm in
which a loudspeaker is placed. It has been shown that such a speaker acts as an
acoustic point source and the acoustic impedance is very similar to that of an
acoustic monopole[, ]:

Z (r) = ρc
ikr
 + ikr

[
Pa
m/s

] (2.2)

�e responsivity results are normalized with the speci�c impedance ρc. Instead
of V

m/s , the results will be given in V/Pa∗ where Pa∗ corresponds to Pa/ρc ≈
.mm s− [].�e normalized acoustic impedance at a certain distance r from
a monopole source then becomes:

Z (r) =
ikr
 + ikr

[
Pa
Pa∗

] (2.3)
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25cm
2D particle
velocity sensor

SpeakerCircuit board

Rotating table

Figure 2.7: Schematic of the setup used to characterize the particle velocity sensor. Re-
sponsivity measurements were performed by emitting white noise with the speaker and
measuring the transfer function between the particle velocity sensor and the reference pres-
sure microhpne with a Siglab signal analyzer. For directivity measurements, the speaker
emits a single tone of Hz while the di�erential outputs of both wires are measured
simultaneously by two lock–in ampli�ers. �e rotating table and lock–in ampli�ers are
controlled using MATLAB.

with ρ being the density of air, c the speed of sound in air and k the acoustic
wavenumber k = ω/c. For high frequency measurements, the speaker is placed
at a distance of  cm from the chip while a reference pressure microphone is
placed in close vicinity of the chip (≈. cm). Because the impedance of the source
is known and the pressure close to the chip is measured, one can calculate the
particle velocity applied to the chip. Using equation 2.3 the responsivity of the
particle velocity sensor can be calculated by:

Su [
V
Pa∗

] =
VWire [V]

VPre f [V]
SPre f [

V
Pa

] Z(r) [
Pa
Pa∗

] (2.4)

with VWire being the measured voltage across a wire, VPre f the output voltage of
the pressure microphone and SPre f = .mVPa

− the sensitivity of the pressure
microphone. For low frequencies, this method is not optimal because (in an
ordinary room) the sound pressure from background noise becomes signi�cant
compared to that generated by the source, hence another approach is taken.�e
speaker is placed very close to the chip (≈ cm) while the reference pressure
microphone is placed inside the speaker (and �rmly tightened with plastic rings)
in order to measure the pressure inside the speaker.�e relationship between
the pressure inside the speaker and the movement of the membrane is found to
be[]:

upiston = −
iωV

γAp
Pre f (2.5)
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where ω represents the angular frequency, Pre f the pressure inside the sphere,
V =  cm the interior volume of the speaker, A =  cm the surface area of
the moving membrane of the speaker, p the ambient pressure and γ the ratio of
speci�c heats (for standard air γ ≈ .).
Because of continuity conditions, the particle velocity close to the membrane

is almost equal to the velocity of the membrane itself. At distances of ≈ cm in
front of the membrane, the amplitude of the particle velocity is ≈ dB lower than
the velocity of the membrane and shows a maximum of ° phase shi�[].�is
ratio is �at up to  kHz. Using equation 2.5, the responsivity of the particle velocity
for frequencies up to  kHz can be calculated:

Su [
V
Pa∗

] = A[
m/s
Pa∗

]
VWire [V]

VPre f [V]
SPre f [

V
Pa

] ∣
γAp

iωV
∣ [

Pa
m/s

] (2.6)

with A being an empirically de�ned constant used to compensate for any inaccu-
racy of the variables describing the geometry of the speaker and the distance of
the sensor from the speaker.�e measurement procedure is as follows. First the
speaker is placed at a distance of  cm and the pressure microphone placed close
to the chip as required for high frequency measurements. White noise generated
by Siglab is ampli�ed and used to drive the speaker while the transfer function
between the particle velocity sensor and the pressure sensor is measured with
a frequency resolution of .Hz. For a more accurate result,  consecutive
measurements were averaged. A�erwards, the speaker is placed at a distance of
≈ cm from the chip and the pressure sensor inside the speaker. Again, white noise
is emitted and the transfer function between the particle velocity sensor and the
pressure sensor is measured with a frequency resolution of .Hz. Also here, 
consecutive measurements were averaged.�e responsivity curves for both high
and low frequency measurements are then calculated using equations 2.4 and 2.6.
In the next step, the low and high frequency curves are combined to create a full
responsivity curve. Typical responsivity curves for both chips at mW as well as
the standard micro�own at mWmeasured with the same setup are shown in
�gure 2.8.

�ere are some aspects of this characterization method that should be con-
sidered beforehand. First, the exact distance of the chip from the membrane and
the constants used in equation 2.5 are di�cult to determine which can lead to an
inaccurate estimation of the particle velocity at the position of the chip for low
frequency measurements. However, all these factors are frequency independent



 CHAPTER 2 A 2D acoustic particle velocity sensor with perfectly orthogonal
sensitivity directions

Standard @  mW
 µm @  mW
 µm @  mW

N
oi

se
( dB

V
/√ H

z)

Re
sp

on
si

vi
ty
( dB

V
/ Pa

∗ )

Frequency (Hz)
  

−
−
−
−
−
−
−
−
−
−
−



−
−
−
−
−
−
−
−
−
−
−




Figure 2.8: Typical responsivity and noise curves for both chips measured at mW.

and can be easily corrected by the constant A in equation 2.6. When merging the
low and high frequency measurements together this constant is tuned so that the
responsivity in the low frequency measurement corresponds to the responsivity
of the high frequency measurement around  kHz. Because all measurements
are performed with the same setup at exactly the same distance, A is in fact
constant throughout all measurements. Second, because all measurements were
done in a non anechoic room, the high frequency measurements appear to be
noisy. A Gaussian moving average �lter with  samples is used to smooth the
entire frequency curve.

2.4.4 Noise measurements

For noise measurements, the circuit board was mounted in a grounded aluminum
enclosure for electromagnetic shielding and then placed in a  cm× cm× cm
box �lled with acoustic damping material.�e output of each wire was simul-
taneously captured using Siglab. Each noise curve is obtained by averaging 
consecutive autospectrum measurements followed by a gaussian moving average
�ltering. Figure 2.8 shows typical responsivity and noise curves for both chips
at mW as well as the standard micro�own at mWmeasured with the same
setup.
Self noise curves relative to  dB free �eld are calculated from the responsivity

and noise measurements[]. Typical self noise curves for di�erent power levels
are shown in �gure 2.9.�e change of selfnoise at  kHz and  kHz as a function
of the total dissipated power is shown in �gure 2.10.
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Figure 2.9: Selfnoise curves at di�erent total dissipated power for both chips.
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Figure 2.10: Selfnoise of both chips at  kHz and  kHz as function of total dissipated
power.
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Figure 2.11: Normalized directivity patterns for a  µm chip dissipating a total power of
mWmeasuredwith ° steps.Measurements were performed using a single tone of Hz
and the speaker placed at a distance of  cm.

2.4.5 Directivity measurements

Directivity measurements were performed using the same setup as shown in �gure
2.7.�e speaker was placed at a distance of  cm.�e signal from the internal
generator of a lock–in ampli�er was ampli�ed and used to drive the speaker with
a single tone of Hz.�e di�erential output of each wire is measured directly by
two di�erent lock–in ampli�ers.�e rotating table and lock–in ampli�ers were
controlled using MATLAB. Normalized directivity patterns of a  µm chip are
shown in �gure 2.11.

2.5 Discussion

Both the  µm and  µm sensors show comparable bandwidth and self noise.
Although their self noise is higher than the standard micro�own, their dissipated
power per direction is also much lower than the standard micro�own. Higher
noise levels in the crossed-wire designs could be due to the use of the same wire
as a heater and also as a sensing element contrary to parallel wire con�gurations
which use di�erent wires for heating and sensing. Detaching the heater from the
sensing element has several advantages. First, it reduces the Johnson noise across
the entire frequency spectrum and second, the temperature noise of the heater,
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which is picked up by the sensing element, is attenuated by the heat capacity of the
heater’s wire and surrounding air. Furthermore, the noise of the current sources
used for driving the sensor also increases its output noise.

As can be seen in �gure 2.10 the selfnoise decreases with increasing dissipated
power. However, the maximum power that can be dissipated is lower compared
to parallel wire con�gurations.�is is due to the di�erent temperature pro�les
along the wires of the two designs.�e two crossing wires force the temperature
pro�le to peak at their crossing point thus reaching the maximum temperature
that can be handled by the wires at a lower dissipated power compared to parallel
wire con�gurations.

�e crossed-wire particle velocity sensor gives clear �gure of eight polar
patterns for both beams. �e two directions of highest sensitivity are exactly
perpendicular to each other as desired, which was di�cult to obtain with classic
thermal particle velocity sensors based on multiple parallel wire con�gurations.
�ere is however a mismatch of the responsivity of the two directions as shown
in �gure 2.11.�e temperature gradient along the wire and the particle velocity
component of the acoustic wave around the wire are mainly responsible for the
responsivity. Both wires achieve the same peak temperature in the middle and
are both connected to the bulk silicon which forces room temperature on their
extremities. �is results in equal temperature gradient of the two wires. �e
mismatch in responsivity of the two directions is most likely due to di�erent
particle velocity levels at the position of the beams.�e chip has a rectangular
shape and the longer side attenuates the amplitude of the acoustic �ow more
than the shorter side thus also the particle velocity at the position of the wire.
Furthermore, the longer side is also used for wire bonding, further obstructing
the acoustic �ow.

Many tests during fabrication have shown that the crossed-wire structure can
withstand harsh fabrication steps better than the parallel-wire design indicating
highermechanical strength.�emechanical integrity of  sampleswas examined
under optical microscope. Of the crossed-wire structures, % were mechanically
intact as opposed to the parallel–wire micro�owns of which only % were
undamaged.Althoughno electrical tests were done, the highermechanical strength
of the crossed-wires structures suggests higher fabrication yield.



 REFERENCES

2.6 Conclusions

A two–dimensional particle velocity sensor consisting of a crossed-wire structure
has been designed and realized for the measurement of the particle velocity part
of sound.�e crossed-wire structure provides a direct two–dimensional measure-
ment and the sensitive directions are exactly orthogonal to each other. Both sensors
show self noise levels that are – dB higher than the standard micro�own at ×
lower power dissipation per direction of sensitivity. Measurements show that self
noise can be improved by increasing dissipated power and optimization of �ow
patterns along the wires.�e beams are shorter and mechanically more robust
resulting in a smaller chip size and better resistance against harsh fabrication steps.
�e mismatch in responsivity between the two directions due to the asymmetric
geometry of the chip will be remedied with a strict square symmetric design in
the next generation.
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Chapter 3

Modelling

3.1 Introduction

In chapter 2 a �rst version of a two dimensional acoustic particle velocity sen-
sor based on a crossing-wire structure was presented.�is new design shows
excellent directivity patterns and comparable bandwidth with the parallel wires
con�gurations while dissipating six times less power per direction.

�e performance of this design is mainly determined by the following phenom-
ena: the temperature gradient along the wires, the particle velocity at the position
of the wires, the heat conduction through each wire and the heat capacity of the
wires and surrounding air. In this chapter an analytical model is presented for
describing the temperature distribution along the wires as well as the dynamic
performance of the sensor when the temperature distribution changes due to an
incident acoustic wave.

3.2 Analytical model

We start by calculating the temperature distribution close to the wires. Figure 3.1
shows the geometry used for this model.�e wires are modelled as in�nitely thin
to simplify calculations. In reality the wires are  nm thick but when considering
the width of  µm and lengths above  µm this assumption is justi�ed. We also
assume the wires being �xed in a rectangular tube in�nitely long in the z-direction
with its walls �xed at room temperature.
Assuming still air around the wires the temperature distribution is de�ned by

Manuscript based on this chapter is in preparation.
Chapter partly based on the BSc work of Twan Spil.
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Figure 3.1: Geometry of the sensor used for the analytical model.�e wires are modelled
as in�nitely thin and having a width of L and length of lx and ly .�e walls are set at room
temperature and extend in the z–direction to ±∞.

the stationary heat equation [, ]:

−∇(k∇T) = Q (3.1)

with Q being the heat quantity produced in a unit volume and k being the thermal
conductivity of air. Strictly speaking, the thermal conductivity of air is temperature
dependent, k = k (T), but we will assume it being a constant in order to simplify
calculations and later on this assumption will be compared to Finite Element
Method simulations for veri�cation.�e wires are heated by a constant current
passing through them. At room temperature, the resistance per unit length along
each wires is constant (small fabrication mismatches can be neglected here) and
thus also the power dissipated per unit length is constant. As the temperature
increases, also the electrical resistance increases due to the temperature coe�cient
of resistance of platinum.�is results in a heat dissipation being position dependent
along the wires. In order to simplify calculations, we will assume a constant power
dissipation per unit length.�is makes it possible to calculate the temperature
distribution due to each wire separately and add them up to calculate the total
temperature distribution. Moreover, the wires are assumed to be in�nitely thin
hence also the heat transfer through the wires is not taken into consideration.

We start by calculating the temperature distribution due to the wire in the
y-direction. Taking into account the assumptions mentioned above, the generated
heat Q becomes:

Q =
P
Lly

F(x)δ(z) (3.2)

F(x) =
⎧⎪⎪
⎨
⎪⎪⎩

 ∣x∣ < L
 otherwise

(3.3)
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Substituting this in equation 3.1 leads to the following di�erential equation:

(
∂

∂x +
∂

∂y +
∂

∂z )T (x , y, z) = −
P
Lkly

F(x)δ(z) (3.4)

subject to the boundary conditions:

T(±
lx

, y, z) =  (3.5)

T(x ,±
ly

, z) =  (3.6)

T(x , y,±∞) =  (3.7)

Following the same procedure used in the past for calculating the temperature
pro�le of the micro�own, the solution of equation 3.4 can be sought as expansion
of harmonics []:

T(x , y, z) =
∞

∑
n=

∞

∑
m=

Tnm(z) cos(
λm y
ly

) cos(
λnx
lx

) (3.8)

With λn =
π
 (n + ) and λm = π

 (m + ) such that the temperature is zero at the
boundaries ± ly

 and ±
lx
 . Filling this back in equation 3.4 and arranging terms we

get:

∞

∑
n=

∞

∑
m=

⎡
⎢
⎢
⎢
⎢
⎣

∂

∂z − (
λn

lx
)



− (
λm

ly
)

⎤
⎥
⎥
⎥
⎥
⎦

Tnm (z) cos(
λm y
ly

) cos(
λnx
lx

) (3.9)

= −
P
Lkly

F(x)δ(z)

Due to orthogonality, this can be rewritten as []:
⎡
⎢
⎢
⎢
⎢
⎣

∂

∂z − (
λn

lx
)



− (
λm

ly
)

⎤
⎥
⎥
⎥
⎥
⎦

Tnm (z) = (3.10)

−

ly

lx ∫

lx


−
lx

∫

ly


−
ly


P
Llyk

F(x)δ(z) cos(
λm y
ly

) cos(
λnx
lx

)dydx

By performing the integration we get:
⎡
⎢
⎢
⎢
⎢
⎣

∂

∂z − (
λn

lx
)



− (
λm

ly
)

⎤
⎥
⎥
⎥
⎥
⎦

Tnm (z) = −
(−)m

λmλn

P
Llyk

sin(
λnL
lx

) δ(z) (3.11)
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�is equation can be solved by �rst performing a Fourier transform:

T̂nm(kz) = ∫
∞

−∞

Tnm (z) e−ikzzdz (3.12)

Equation 3.10 then becomes:
⎡
⎢
⎢
⎢
⎢
⎣

k
z + (

λn

lx
)



+ (
λm

ly
)

⎤
⎥
⎥
⎥
⎥
⎦

T̂nm (kz) =
(−)m

λmλn

P
Llyk

sin(
λnL
lx

) (3.13)

from this, T̂nm (kz) can be calculated:

T̂nm (kz) =
(−)m

λm λn

P
Llyk
sin ( λnL

lx
)

k
z +

√

( λn
lx

)

+ ( λm

ly
)

 (3.14)

Knowing that:

F−
(
a

k
z + a ) =

e−a∣x ∣

π
(3.15)

the inverse fourier transform of equation 3.14 becomes:

Tnm (z) =
(−)m

λm λn

P
Llyk
sin ( λnL

lx
)

√

( λn
lx

)

+ ( λm

ly
)


exp(−

¿
Á
ÁÀ

(
λn

lx
)



+ (
λm

ly
)



∣z∣) (3.16)

Now the temperature distribution as the result of the heat dissipated by the wire
along the y-direction can be calculated:

T(x , y, z) = (3.17)
∞

∑
n=

∞

∑
m=

(−)m

λmλnσnm

P
Llyk

sin(
λnL
lx

) exp(−σnm ∣z∣) cos(
λm y
ly

) cos(
λnx
lx

)

with σnm being:

σnm =

¿
Á
ÁÀ

(
λn

lx
)



+ (
λm

ly
)



(3.18)

�e same method can be used for calculating the contribution of the wire in
the x-direction or more easily the x and y coordinates together with the wire
properties can be swapped in equation 3.17.�e total temperature distribution can
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T = T0

2cm

Wires

Figure 3.2: Geometry used for calculating the temperature pro�le along the wires using
�nite element method. �e wires are modelled as in�nitely thin and having a width of
 µm.

then be found by adding up the contribution of each wire:

T(x , y, z) = (3.19)

∞

∑
n ,m=

(−)m

λmλnσnm

P
Llyk

sin(
λnL
lx

) exp (−σnm ∣z∣) cos(
λm y
ly

) cos(
λnx
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)

+
∞

∑
n ,m=

(−)m

λmλnσnm

P
Llxk

sin(
λnL
ly

) exp (−σnm ∣z∣) cos(
λmx
lx

) cos(
λn y
ly

)

3.2.1 Finite element method veri�cation of the temperature pro�le

�e temperature pro�le as described in equation 3.19 has been veri�ed using Finite
Element Method (FEM). Figure 3.2 shows the geometry used for such simulation.
�e wires are placed inside a  cm long tube where room temperature is forced on
all boundaries.�e analytical model assumes the temperature T → T as z →∞

but at a distance of  cm we can assume the temperature is very close to T.�e
wires are modelled as  µm wide surfaces which act as heat sources described by:

− n ⋅ (−k∇T) = Q (3.20)

with Q being the heat per unit area and k the thermal conductivity. Figure 3.3
shows the temperature pro�les along a wire as calculated in equation 3.19 and
FEM simulations for di�erent wire lengths and total dissipated power.

�e shape of the thermal pro�les match very well along the entire wire length
including the peak temperatures. For the mm wire the FEM simulation shows
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Figure 3.3: Temperature pro�les for varying wire length and power dissipation calculated
using equation 3.19 and �nite element method using the geometry shown in Figure 3.2.

slightly lower temperature.�is is probably due to the room temperature boundary
condition being forced too close to the wires for such high temperatures.

�e analytical model and FEM simulations shown in Figure 3.3 assume a
constant thermal conductivity of air k = .Wm− K− which is the thermal
conductivity of air at about  ○C. In reality the thermal conductivity of air is
temperature dependent:

k (T) = k(
T
Tr

)

β

, β ≈ . (3.21)

with k = k (Tr)Wm− K− and T the absolute temperature. Furthermore, the
wires are positioned on the top of the chip hence room temperature is forced only
at the body of the chip beneath and on the sides of the wires but not above them.
�e geometry shown in Figure 3.4 resembles the actual chip better. �e simulation
region consists of a box of  cm× cm× cm with the wires suspended on a  µm
deep pit. Room temperature is forced on all external boundaries while the wires
are modelled as described previously. Figure 3.5 shows the temperature pro�les
as calculated using equation 3.19 and as simulated using FEM with the geometry
show in Figure 3.4. At low temperatures, the thermal conductivity of air is lower
than the constant used for the analytical calculation hence the FEM simulations
result in higher temperature along the wire. At higher power dissipation, the wires
reach higher temperatures resulting in a higher average thermal conductivity
compared to the one used for the analytical simulation.�is causes the analytical
solution using a constant thermal conductivity to overestimate the temperature



SECTION . Analytical model 31

T = T0

350μm

1cm

Wires (1mm)

Figure 3.4: Geometry used for calculating the temperature pro�le along the wires using
�nite element method.�e wires having a width of  µm and modelled as in�nitely thin
are placed above a  µm deep pit.�e simulation region above the chip is extended using
a cube of  cm to better resemble the actual chip.
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Figure 3.5: Temperature pro�les for wires of size  µm× µm (l ×w) at di�erent power
dissipation calculated using equation 3.19 assuming a constant thermal conductivity for
air and �nite element method using the geometry shown in Figure 3.4 and assuming a
temperature dependent thermal conductivity for air.

distribution along the wires. Despite these discrepancies, the analytical model has
acceptable accuracy for our purpose.

3.2.2 Dynamic performance

In the previous section the temperature distribution was calculated for the case
where the air around the wires was stationary. In this section the dynamic perfor-
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mance of the sensor will be calculated. If the air around the wires is moving, it will
cause small disturbances of the temperature pro�le.�is can be calculated using
the full heat equation [, ]:

ρcp (
∂
∂t

T + v ⋅ ∇T) −∇ ⋅ (k∇T) = Q (3.22)

with v being the air velocity and cp the heat capacity of air at constant pressure.
�e convective term v ⋅ ∇T is responsible for the di�erential signal from the
device.�ere are two main processes concerning the heat distribution that need
to be taken into account: the heat di�usion coe�cient D = k

ρCp
≈ .×−m s−

for air and the forced convection due to a particle velocity v.�e di�usion time
for heat to travel from the crossing point of the wires to one of the extremities
of the wire is (lx/)



D . Due to forced convection this time will be lx/
v . Since the

di�usion time is shorter, the temperature distribution is formed relatively fast by
di�usion while convection has only a small contribution hence the convective
term in equation 3.22 can be treated as a perturbation.�erefore, the solution to
the full heat equation is the temperature distribution we found earlier plus a small
correction δT due to convection. For this correction, the full heat equation 3.22
becomes:

∂
∂t

δT − D∇δT = −v
∂
∂x

T (3.23)

We assume an incoming particle velocity in the x-direction v = v exp(iπ f t).
With this being the only time dependent term in the heat equation we can assume
a solution of the form δT(x , y, z, t) = δT(x , y, z) exp(iπ f t). Equation 3.23 then
becomes:

iπ f
D

δT −∇δT = −
v

D
∂
∂x

T (3.24)

For ease of calculation, we will consider the perturbation of the temperature
distribution of each wire separately and add them up at the end to �nd the
total temperature perturbation. We start by calculating the perturbation of the
temperature pro�le due to the wire in the y-direction. In equation 3.24 for T we
substitute the temperature pro�le as found in equation 3.17.�e convective term
then becomes:

v

D
∂
∂x

T =
v

D

∞

∑
n=

∞

∑
m=

−Cnm × exp (−σnm ∣z∣) cos(
λm y
ly

) sin(
λnx
lx

) (3.25)

with
Cnm =

(−)m

λmσnm

P
Lly lxk

sin(
λnL
lx

) (3.26)
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for δT we assume a solution of the form:

δT =
∞

∑
r=

∞

∑
j=

δTjr(z) cos(
λr

ly
y) sin(

π j
lx

x) (3.27)

by substituting this into the le� side of equation 3.24 we get:

−
iπ f
D

δT +∇δT = (3.28)

∞

∑
r=

∞

∑
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⎨
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)



− (
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⎥
⎦

δTjr(z) cos(
λr
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y) sin(

π j
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x)
⎫⎪⎪
⎬
⎪⎪⎭

Substituting equations 3.25 and 3.28 into equation 3.24 and rearranging terms due
to orthogonality we get:

⎡
⎢
⎢
⎢
⎢
⎣

−
iπ f
D

+
∂

∂z − (
λr

ly
)



− (
π j
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)

⎤⎥
⎥
⎥
⎥
⎦

δTjr(z) = (3.29)

v

D

∞

∑
n=

∞

∑
m=

−Cnm × exp (−σnm ∣z∣)× (3.30)


ly ∫

ly


−
ly


cos(
λm y
ly

) cos(
λr

ly
y) dy× (3.31)


lx ∫

lx


−
lx


sin(
λnx
lx

) sin(
π j
lx

x) dx (3.32)

computing the integrals:


ly ∫

ly


−
ly


cos(
λm y
ly

) cos(
λr y
ly

)dy =
⎧⎪⎪
⎨
⎪⎪⎩

 m = r
 m ≠ r

⎫⎪⎪
⎬
⎪⎪⎭

(3.33)


lx ∫

lx


−
lx


sin(
λnx
lx

) sin(
π jx
lx

)dx = −
π j(−)n+ j

π j − λ
n

(3.34)

the total equation for the perturbation then becomes:
⎡
⎢
⎢
⎢
⎢
⎣

−
iπ f
D

+
∂

∂z − (
λm
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)



− (
π j
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with:
Cnm =

(−)m

λmσnm

P
Lly lxk

sin(
λnL
lx

) (3.36)

For δTjm(z) we assume a solution of the form δTjm(z) = A jm exp(−σnm ∣z∣). By
substituting this in equation 3.35 and solving for δT we get:

δT(x , y, z, t) =
∞

∑
n ,m=

∞

∑
j=

(−)m

λmσnm

P
Lly lxk

sin(
λnL
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λm
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y) sin(
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x) exp(−σnm ∣z∣) exp(iπ f t)

with

Kn j = (
λn
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)



− (
π j
lx

)


−
iπ f
D

(3.38)

the same procedure can be followed for calculating the perturbation of the tem-
perature pro�le of the wire in the x-direction. For that case we get:

δT(x , y, z, t) =
∞

∑
n ,m=

∞

∑
j=


λnσnm

P
Ll 

x k
sin(
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)
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)



− (
π j
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)


−
iπ f
D

(3.40)

3.2.3 Sensitivity

In order to �nd an expression for the sensitivity, �rst the total temperature per-
turbation of each half of the wire is calculated by integrating the temperature
perturbation as calculated above along the width, length and thickness of half of
the wire. Again, the distortions due to the temperature pro�les of each wire are
treated separately. For the contribution of the wire parallel to the �ow we get:

∆T =
∞

∑
n ,m=

∞

∑
j=
−


λnσnm

P
Ll 

x k
sin(

λnL
ly

)
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D
π j(−) j
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(3.41)

×
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and for the contribution from wire perpendicular to �ow we get:

∆T =
∞

∑
n ,m=

∞

∑
j=
−
(−)m

λmσnm

P
Lly lxk

sin(
λnL
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)
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D
π j(−)n+ j

(π j − λ
n)Kn j

(3.42)

×
ly sin ( λmL

ly
)

Lλm

((−) j − )
π j

exp(iπ f t)

�e voltage di�erence at the terminals of the wire can then be found by:

Vout = iRα∆T (3.43)

with i being the DC current through the wires and R the electrical resistance of
the wire at operating temperature.

3.2.4 Yield strength of the wires

When considering the optimal thickness of the SiRN layer of the wires, one has
to take into account not only the dynamic performance of the sensor but also its
mechanical strength.�e yield strength of the wires is important not only during
fabrication in order to achieve high production yields but also during operation
when the sensor is exposed to high drag forces. In this section the mechanical
strength of the wires will be discussed by ignoring any built in stress in the layers
since these are highly dependent on the technology used. In order to simplify
calculations, only onewire will be considered as a beam�xed on both ends carrying
an uniformly distributed load.
Using the beam equations, the bending moment of such a beam can be calcu-

lated to be [–]:

M (x) =
P


(l x − l 
− x) (3.44)

with P being the load per unit length and l the length of the beam. Since we are
working with a beam composed of two layers with di�erent mechanical properties,
Figure 3.6a, we �rst transform the section to an equivalent one consisting of only
one material.�e resultant beam must have its neutral axis at the same location as
the original stack and also its moment resisting capacity must be the same. We
de�ne the modular ratio n to be:

n =
EPt

ES iRN
(3.45)

with EPt and ES iRN being the Young’s moduli of Platinum and SiRN, respectively.
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Figure 3.6: (a) Cross section of a wire as fabricated. (b) Cross section of a wire transformed
such that it consists of a single material while keeping its neutral axis at the same location
and maintaining the same moment resisting capacity as the original wire consisting of two
layers.

�e width of the platinum layer is scaled by n as shown in Figure 3.6b.�is new
section consisting only of SiRN has its neutral axis at the same location as the
original stack and also its moment resisting capacity is the same.�e normal stress
σx can be calculated using the elastic �exure equation:

σx = −
My
Ix′

n (3.46)

withM being the bending moment as calculated in equation 3.44, y the distance
from the neutral axis, Ix′ the moment of inertia of the entire cross section and n
the modular ratio as de�ned in 3.45.�e centroidal moment of inertia of the new
cross section can be calculated by adding the moment of inertia of each rectangle
in Figure 3.6b as follows:

Ix′ =∑ (Ī + Ad) (3.47)

with Ī being the moment of inertia of each rectangle, A the area of each rectangle
and d the distance of the centroid of each rectangle to the centroid of the entire
section.�e position of the centroid of the entire sectionwith respect to the bottom
of the beam can be calculated by:

Ȳ =
∑ ȳA
∑A

(3.48)

with A being the area of each section and ȳ the distance of the centroid of each
section from the bottom of the section.

�e von Mises stress as the result of a distributed load over the entire length
of the wire has been calculated using FEM and compared with the calculation
using equation 3.46 for two di�erent wire con�gurations.�e results at di�erent
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Figure 3.7: (a), (b) Stress pro�les for di�erent stack thickness calculated using equation 3.46
and using �nite element method. (c) Maximum distributed load a single wire can handle
without incurring permanent damage.

critical positions on the wire are shown in Figure 3.7.�e �rst beam of length
 µm is composed by a stack of Pt/SiRN of thickness  nm/ nm while
the second beam of length  µm is composed by a Pt/SiRN stack of thickness
 nm/ nm. In both cases the normal stress as calculated above matches the
total von Mises stress indicating that the sheer stress may indeed be neglected. As
expected, the maximum stress occurs at the �xed terminals of the beam which is
used for calculating the maximum load the wires can handle without incurring
permanent damage. Figure 3.7 shows also the calculated maximum distributed
load a wire can handle before its maximum stress reaches the yield stress of SiRN
for a stack of  nm thick Pt layer and di�erent thickness of SiRN layer.
For a complete characterization of the mechanical strength of the wires, intrin-

sic and thermal–mismatch stresses must also be taken into account. Unfortunately,
these are highly dependent on the technology used for fabrication and no mea-
surements of residual stress are available to accurately predict their impact on the
mechanical strength on the wires.
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3.3 Discussion

�e analytical model presented in this chapter is a �rst step towards a better
understanding of the physics behind the crossed-wires particle velocity sensor. At
themoment however, some important phenomena are not taken into consideration
such as the heat capacity of the wires, the heat conductivity through the wires, the
particle velocity at the position of the wires and the position dependent power
dissipation.

Neglecting the properties of the wires in the analytical model impacts its
accuracy primarily in two ways. First, the heat capacitance of the wires is not taken
into consideration which would cause the model to overestimate the responsivity
at high frequencies. Previous studies on the analytical model of the micro�own,
which consists of parallel wires instead of crossing wires as in our case, have shown
that by neglecting the heat capacitance of the wires, the model overestimates the
responsivity of the micro�own up to  dB at  kHz []. Below  kHz, the heat
capacitance of the wires had no in�uence on the responsivity.

Second, by not including the heat transfer through the wires in the analytical
model, the calculated temperature pro�le and consequently its gradient will be
inaccurate.�is would lead to inaccuracies in the calculated responsivity through-
out the entire bandwidth. Considering the small size of the wires, one would
expect this inaccuracy to be acceptable, however, at the moment no quantitative
considerations can be made.

�e analytical model does not take into consideration the boundary e�ects on
the incident particle velocity at the position of the wires.�e oscillatory boundary
layer is frequency dependent ranging from approximately  µm at  kHz up to
 µm at Hz in air [–]. Because the wires are suspended on a  µm deep
pit, the boundary layer e�ects are still considerable at frequencies below ≈Hz.
At higher frequencies, the boundary layer e�ects could be neglected without
introducing major inaccuracies.

�e crossed-wires particle velocity sensor consists of a relatively large chip
compared to the wires hence the number of discretization points is relatively large.
Furthermore, because of the intrinsic working of the sensor, it can not be simpli�ed
down to a D simulation. Di�erent attempts to simulate the dynamic performance
of the sensor were unsuccessful because of the high number of discretization
points and variables that need to be calculated when taking into account the heat
transfer phenomena and incident sound wave including boundary layer e�ects.
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3.4 Conclusion

�e analytical model presented can accurately predict the temperature distribution
along the wires of the crossed-wires particle velocity sensor. Although the model
assumes the thermal conductivity of air to be independent of temperature, veri�-
cations by FEM simulations show that the error introduced by such assumption is
acceptable.
An analytical model for the dynamic performance of the sensor is also pre-

sented. In order to simplify calculations, the thermal capacitance of the wires, the
thermal conductivity of the wires and the position dependent power dissipation
were not taken into account.�e accuracy of this model will be compared with
measurements in the next chapter.
Calculations show that the mechanical strength of the wires increases quadrat-

ically with SiRN thickness. However, increasing the thickness of the SiRN layer
results in higher thermal capacitance of the wires which could lead to lower
performance of the particle velocity sensor, especially at high frequencies.
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Chapter 4

Characterization and optimization

4.1 Introduction

In the previous chapter, an analytical model was presented for calculating the
temperature distribution and its asymmetry due to small perturbations caused by
an incident acoustic wave.�ere are however some aspects that this model does
not take into account. Most importantly the heat capacity of the wires, the heat
conductivity through the wires, the particle velocity at the position of the wires
and the position dependent power dissipation. In order to better understand and
optimize the design, several sensors with varying properties were fabricated in
order to study the impact of each of them on the performance of the sensor.

4.2 Experimental

Figure 4.1 shows a schematic of a typical sensor with  µm long wires used for
characterization. Contrary to the design presented in chapter 2, this new design is
symmetric and the depth of the pit underneath the wires has been increased to
 µm to improve the particle velocity at the position of the wires and increase the
temperature gradient along the wires. All measurements presented in the sequel
were performed using the same method described in chapter 2.

4.2.1 Assessment at di�erent power dissipation

�e frequency response as well as the noise at di�erent power dissipation levels of
a chip with wires of size  µm× µm×. µm are shown in Figure 4.2. In order
to better visualize the responsivity, the normalized frequency responses are shown
in Figure 4.3. �e temperature gradient along the wires increases with power
dissipation which, together with the higher current through the wires, causes an
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Figure 4.1: Schematic view of a D particle velocity sensor used for characterization.
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Figure 4.2: Measured responsivity and noise of a sensor with wires of size
 µm× µm×. µm at di�erent power dissipation levels per wire. �e polynomial
�tted curves shown in black are used for further data analysis.

average increase in responsivity levels of ≈ dB for a twofold increase in power
dissipation.
As described in equation 3.43, the output signal of the particle velocity sensor

depends mainly on the current through the wires and the temperature gradient.
With a twofold increase in power dissipation, the temperature gradient would
also increase by a factor of two and consequently also the change in resistance
∆R.�is on itself would result in a  dB increase in responsivity for a twofold
increase in power dissipation. Furthermore, assuming the resistance of the wire
does not change considerably with increasing power dissipation, the current
through the wires should increase by a factor

√
 for a twofold increase in power
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Figure 4.3: Normalized responsivity curves for wires of size  µm× µm×. µm at
di�erent power dissipation levels per wire calculated using the polynomial �tted measure-
ments in Figure 4.2.

dissipation leading to a further increase of  dB in responsivity. For these reasons,
one would expect the responsivity to increase by  dB for a twofold increase in
power dissipation. However, in reality the thermal conductivity of air increases
with temperature hence the peak temperature, and consequently the temperature
gradient and change in resistance ∆R, would increase by less than a factor of two
leading to less than  dB increase in responsivity. Moreover, also the resistance
of the wire increases with increasing temperature hence the current through
the wires increases by less than

√
 further decreasing the gain in responsivity

with increasing power dissipation.�ese two phenomena can also be noticed
when considering the increase in responsivity with increasing power dissipation at
Hz in �gure 4.2. At low power dissipation, responsivity increases by almost  dB
with a twofold increase in power dissipation while between mW and mW
there is  dB increase in responsivity. In order to better understand this, the
temperature pro�les and temperature gradients for wires of size  µm× µm
(l ×w) at various power dissipation have been calculated using equation 3.19,
Figure 4.4.�e response of the sensor can be calculated using:

Vout = iRα∆T (4.1)

with iR = V being the DC voltage across the terminals of one wire at rest.
Strictly speaking, the total temperature change ∆T should be calculated by inte-
grating the change of temperature along the wire thus taking into account the
position dependent temperature gradient and particle velocity. However, for sake
of simplicity we will consider only the average temperature gradient of one half of
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Figure 4.4: Temperature pro�les along the wire and their gradients calculated using equa-
tion 3.19 for wires of size  µm× µm (l ×w) at di�erent power dissipation levels per
wire.
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Figure 4.5: (a) Measured responsivity at Hz and DC voltage for wires of size
 µm× µm (l ×w) at di�erent power dissipation levels perwire. (b)Measured electrical
resistance of a single wire as a function of operating power.
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Figure 4.6: Measured selfnoise of a sensor with wires of size  µm× µm×. µm at
di�erent power dissipation per wire calculated using the polynomial �tted curves shown
in Figure 4.2.

the wire. Based on equation 4.1 the responsivity should be proportional to the DC
voltage across the terminal of one wire, the temperature gradient along the wire
and the length of the wire:

Vout ∝ lV
∂T
∂x

(4.2)

Note that the term V in equation 4.2 is the DC voltage across the terminals of
one wire at rest.�is voltage is not applied on the terminals but is measured
a�er the current is tuned to achieve the desired power dissipation. Figure 4.5(b)
shows the measured increase in operating resistance R with increasing power
dissipation while Figure 4.5(a) shows the measured DC voltage V, measured
responsivity at Hz and the expected responsivity based on equation 4.2 for
increasing power dissipation. Note that the ∂T/∂x term was found by averaging
the calculated gradient in Figure 4.4 and normalising hence only the slope of the
expected responsivity with increasing power dissipation is considered. Its actual
values depend also on the particle velocity along the wire which wasn’t taken into
account.
Despite considering only the average temperature gradient along the wire,

the increase in responsivity at low frequencies can be accurately predicted using
equation 4.2. At high power dissipation, the analytic calculation slightly overes-
timates the response.�is is probably the result of assuming a constant thermal
conductivity of air when calculating the temperature pro�le at high power dissi-
pation levels and assuming that i increases with

√
P while in reality it increases

by less than that due to the increase in electrical resistance of the wires at high
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Figure 4.7: Measured responsivity and noise of sensors with wires of size  µm× µm
(l ×w) and varying SiRN layer thickness at constant power dissipation of mW per wire.
�e polynomial �tted curves shown in black are used for further data analysis.

temperatures. As noted in Figure 3.5, the analytically calculated temperature
pro�les are higher compared to those calculated using FEMwhere the temperature
dependent thermal conductivity is used.�is results in a higher temperature
gradient and thus higher calculated responsivity.
Selfnoise curves calculated using the polynomial �tted responsivity and noise

are shown in Figure 4.6. At low frequencies, noise increases by the same amount
as responsivity leading to no change in selfnoise levels. At higher frequencies
however, above Hz, the noise increases less rapidly leading to an e�ective gain
in selfnoise of ≈ dB for a twofold increase in power dissipation.
Figure 4.3 shows also a slight increase in bandwidth with increasing power dissi-

pation.�e speci�c heat capacities of air and platinum do not change considerably
with increasing temperature while the thermal conductivity of air changes consid-
erably ranging from mWm− K− at room temperature up to mWm− K− at
 ○C.�is suggests that although the e�ective heat capacity of the wires does
not change with increasing wire temperature, the increasing thermal conductivity
of air allows faster temperature change of the wires hence higher bandwidth.

4.2.2 Performance versus thickness assessment

Sensors with wires of size  µm× µm (l ×w) and varying SiRN layer thickness
were fabricated and their frequency response together with noise spectrum was
measured at mWpower dissipation per wire.�e results are shown in Figure 4.7.
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Figure 4.8: Normalized responsivity curves of sensors with wires of size  µm× µm
(l ×w) and varying SiRN layer thickness at constant power dissipation of mW per wire
calculated using the polynomial �tted curves shown in Figure 4.7.
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Figure 4.9: Measured selfnoise of sensors with wires of size  µm× µm (l ×w) and
varying SiRN layer thickness at constant power dissipation of mW per wire calculated
using the polynomial �tted curves shown in Figure 4.7.

At low frequencies, below ≈ Hz there is no di�erence in responsivity levels
while at higher frequencies the responsivity rolls o� faster with increasing SiRN
thickness.�is is due to the increasing total heat capacitance of the wire.�e
speci�c heat capacitance of SiRN varies between  J kg− K− and  J kg− K−

which is higher than that of platinum,  J kg− K− at K[]. Measurements
show no di�erence in responsivity bandwidth between sensors with a  nm and
 nm thick SiRN layer. Presumably this is because the e�ective heat capacity of
the platinum layer still plays an important role on the total heat capacity of the
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Figure 4.10:Measured responsivity and noise of sensors with wires of size  µm×. µm
(l × h) and varyingwidth at constant power dissipation of mWperwire.�e polynomial
�tted curves shown in black are used for further data analysis.

wire for such thin SiRN layers. As the thickness of the SiRN layer increases, its
speci�c heat capacitance becomes dominant thus decreasing the bandwidth as
can be seen in Figure 4.8.

�ere is no relevant change in noise levels with increasing SiRN layer thickness.
�is is to be expected because the platinum layer remains unaltered throughout
the set of sensors.�e small deviations in noise levels can be attributed to slight
di�erences in electrical resistance of the wires due to fabrication inaccuracies
together with the temperature pro�les being slightly di�erent due to the increasing
lateral heat-conduction with increasing SiRN thickness.

�e selfnoise curves in Figure 4.9 re�ect the decreasing bandwidth with in-
creasing SiRN layer thickness as expected by the responsivity measurements. At
 kHz, selfnoise increases with ≈ . dB per doubling of SiRN thickness while
there is no relevant change at frequencies below  kHz.

4.2.3 Performance versus width assessment

Sensors with  µm long wires composed by a Pt/SiRN stack of  nm/ nm
and di�erent widths have been fabricated and characterized.�e responsivity and
noise levels at mW power dissipation per wire are shown in Figure 4.10. As
discussed in section 4.2.1, the output signal is proportional to the DC voltage across
the wire, the temperature gradient along that wire and wire length, equation 4.2.
�e temperature pro�les and their gradients for di�erent wire width calculated
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Figure 4.11: Temperature pro�les along the wire and their gradient calculated using equa-
tion 3.19 for wires of size  µm×. µm (l × h) and varying width at constant power
dissipation of mW per wire.
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Figure 4.12: (a) Measured responsivity at Hz and DC voltage for wires of size
 µm×. µm (l × h) and varying width at constant power dissipation of mW per
wire. (b)Measured electrical resistance of a single wire at mWper wire operating power.
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Figure 4.13:Normalized responsivity curves of sensors with wires of size  µm×. µm
(l × h) and varyingwidth at constant power dissipation of mWperwire calculated using
the polynomial �tted curves shown in Figure 4.10.

using equation 3.19 are shown in Figure 4.11. Although the peak temperature
decreases with increasing wire width, the temperature gradient remains largely
unchanged. With a constant temperature gradient and wire length across all
samples, the responsivity at low frequencies is only determined by the DC voltage
across the wire.�is can be seen in Figure 4.12 where the DC voltage across the
wire and responsivities at Hz for all samples are shown.
It can be seen in Figure 4.13 that at  kHz the responsivity decreases by ≈. dB

per doubling of wire width.�is is to be expected because of the increasing heat
capacitance of the wires. However, for wires of  µm,  µm and  µm width the
noise levels also decrease by the same amount leading to no considerable change
in selfnoise, Figure 4.10. For wires of  µm,  µm and  µm width the noise
decreases faster with increasing frequency but reaches a plateau which prevents it
from decreasing any further.�is causes their selfnoise levels to be slightly higher,
– dB, compared to the sensors with smaller wires, Figure 4.14.
Considering the monotonic decrease in electrical resistance during operation

for increasing wire width, Figure 4.12(b), we can assume that the relatively higher
noise levels at frequencies above  kHz for sensors with wide wires is not because
of the electrical resistance of the wires.�e higher noise levels are probably the
result of the driving circuit andmore speci�cally of the bipolar junction transistors
used in the current mirror con�guration whose noise increases with increasing
current. Sensors with wider wires require higher electrical currents to achieve
the same power dissipation: .mA for  µm wires versus .mA for  µm wide
wires.
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Figure 4.14: Measured selfnoise of sensors with wires of size  µm×. µm (l × h)
and varying width at constant power dissipation of mW per wire calculated using the
polynomial �tted curves shown in Figure 4.10.
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Figure 4.15:Normalized noise curves of sensors with wires of size  µm×. µm (l × h)
and varying width at constant power dissipation of mW per wire calculated using the
polynomial �tted curves shown in Figure 4.10.
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Figure 4.16: Measured responsivity and noise of sensors with wires of size  µm×. µm
(w × h) and varying length at constant power dissipation per unit length of . µWµm−.
�e polynomial �tted curves shown in black are used for further data analysis.

4.2.4 Performance versus length assessment

Sensors with wires of size  µm×. µm (w × h) and di�erent lengths have been
fabricated and characterized.�e responsivity and noise levels at constant power
dissipation per unit length of . µWµm− are shown in Figure 4.16. Selfnoise
and normalized responsivity curves are shown in Figure 4.17 and Figure 4.18,
respectively.
At frequencies above  kHz there is on average an increase in responsivity

levels of . dB per doubling of wire length but because noise levels increase by
almost the same amount, there is no relevant change in selfnoise for di�erent wire
length. At low frequencies, where boundary layer e�ects are considerable, there is
a gain in responsivity of  dB per doubling of wire length. Noise on the other hand
increases with only ≈. dB leading to a decrease of selfnoise levels of ≈. dB per
doubling of wire length.

�e temperature pro�les and their gradients for di�erent wire length at constant
power dissipation per unit length of . µWµm− calculated using equation 3.19
are shown in Figure 4.19.�e temperature gradient increases with decreasing
wire length. Interestingly, the gradient remains constant when the temperature
pro�les are normalized by the wire length.�is is important when considering the
responsivity as described by equations 4.1 and 4.2 which should now be dependent
only on V and the particle velocity at the position of the wires. In order to better
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Figure 4.17: Measured selfnoise of sensors with wires of size  µm×. µm (w × h) and
varying length at constant power dissipation per unit length of . µWµm− per wire
calculated using the polynomial �tted curves shown in Figure 4.16.
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Figure 4.18: Normalized responsivity curves of sensors with wires of size  µm×. µm
(w × h) and varying length at constant power dissipation per unit length of . µWµm−

per wire calculated using the polynomial �tted curves shown in Figure 4.16.

understand the e�ects of the boundary layer on the performance of the sensor,
the particle velocity at the position of the wires for a two-dimensional case was
simulated using FEM, Figure 4.21. Smaller chips clearly attenuate the particle
velocity at the position of the wires which can not be neglected. Figure 4.20 shows
the change in electrical resistance of a single wire at . µWµm− operating power
for di�erent wire length together with the measured and calculated responsivity at
Hz.�e change in responsivity with increasing wire length was calculated using
equation 4.2 weighted by the averaged particle velocity along the wires simulated
using FEM.�e calculated increase in responsivity with increasing wire length at
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Figure 4.19: Temperature pro�les along the wire and their gradient calculated using
equation 3.19 for wires of size  µm×. µm (w × h) and varying length at constant power
dissipation per unit length of . µWµm− per wire.
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Figure 4.20: (a) Measured responsivity at Hz and DC voltage for wires of size
 µm×. µm (w × h) and varying length at constant power dissipation per unit length of
. µWµm−. (b) Measured electrical resistance of a single wire at . µWµm− operating
power.
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Figure 4.21: Finite element method simulation of the particle velocity in the vicinity of the
wires for sensors of di�erent size. Simulations performed at Hz.

Hz is slightly lower compared to the measured one.�is is because the average
particle velocity along the wire was simulated using a two-dimensional model
which forces a no-slip condition only on two sides of the pit beneath the wires
(which becomes a channel in the case of a two-dimensional simulation). In reality,
all four sides of the pit beneath the wires attenuate the particle velocity at the
position of the wires hence the increase in particle velocity with increasing wire
length (and thus pit size) should be higher than the calculated one showed in
Figure 4.20.

4.2.5 Varying wire length with �xed sensor size

In the previous section it was shown that at low frequencies, responsivity decreases
with decreasing wire length due to the boundary layer e�ects of the pit beneath the
wires. In order to better study these e�ects, sensors with equal pit size and varying
wire length were fabricated. Figure 4.22 shows a schematic of such sensors. All
sensors have a pit of size  µm× µm while the e�ective length of the wire is
tuned by suspending the  µm wide wires on the frame of the sensor using  µm
wide structures.�ese suspension structures are much wider than the small wires
in the centre hence can be assumed as dissipating a negligible amount of power
while their low thermal resistance forces room temperature at the extremities of the
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Figure 4.22: Schematic view of a D particle velocity sensor with the wires placed in the
middle of the pit.�e side structures of  µm wide have a negligible electrical resistance
and low thermal resistance in order to force room temperature at the extremities of the
wire.
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Figure 4.23:Measured responsivity and noise of sensors with wires of size  µm×. µm
(w × h) and varying length but �xed chip size as shown in Figure 4.22.�e power dissi-
pation per unit length was kept constant at . µWµm− per wire.�e polynomial �tted
curves shown in black are used for further data analysis.

wires in the centre. Ideally, these structures result in the same temperature pro�le
along the e�ective sensing wire while reducing the boundary layer e�ects of the pit
beneath the wires. Because of the intrinsic stress of the Pt/SiRN layer, sensors with
long suspension structures (e�ective wire length of  µm and  µm) break
during fabrication.�erefore, sensors with  nm thick SiRN layer were used for
these measurements instead of  nm thick SiRN layer used for sensors of varying
length described in section 4.2.4. Figure 4.23 shows the measured responsivity and
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Figure 4.24: Normalized responsivity of sensors with wires of size  µm×. µm (w × h)
and varying length but �xed chip size as shown in Figure 4.22.�e power dissipation per
unit length was kept constant at . µWµm− per wire calculated using the polynomial
�tted curves shown in Figure 4.23.

noise for sensors with equal frame size but di�erent e�ective wire length while
the normalized responsivity curves are shown in Figure 4.24 for clarity. For better
comparison, the responsivity is shown in Figure 4.25 together with the responsivity
of sensors with varying wire length and pit size (Figure 4.16).
At high frequencies, sensors with �xed body size show slightly lower responsiv-

ity because of the higher thermal capacitance of the wires due to the thicker SiRN
layer. At low frequencies, the in�uence of the thermal capacitance of the wires
is negligible while the boundary layer e�ects become dominant. Below ≈ kHz,
sensors with �xed chip size showhigher responsivity levels compared to the sensors
where the pit scales with the wires because of the higher particle velocity at the
position of the wires. As expected, the in�uence of the size of the pit increases with
decreasing wire length. For sensors with  µm long wires, measurements show
an increase of  dB at Hz when using a pit of size  µm× µm compared
to those with a pit of  µm× µm as was the case where the pit scales with the
wires.
Selfnoise curves for sensors of �xed and varying pit size are shown in Fig-

ure 4.26. At high frequencies, sensors with �xed frame size show slightly higher
selfnoise levels because of their lower responsivity as described above. At low
frequencies, the higher responsivity levels are re�ected in the selfnoise levels
leading to an increase of ≈ dB at Hz for  µm long wires.
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Figure 4.25: Responsivity of sensors with varying wire length for the case where the size
of the sensor scales with the wires (dashed lines) and when the sensors size remains
unchanged (continuous lines).

 

 

 µm
 µm
 µm
 µm

Se
lfn

oi
se
( dB

PV
L/√

H
z)

Frequency (Hz)
  

















Figure 4.26: Selfnoise of sensors with varying wire length for the case where the size of the
sensor scales with the wires (dashed lines) and when the sensors size remains unchanged
(continuous lines). Power dissipation per unit length was kept constant at . µWµm−

per wire.
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Figure 4.27: Single tone measurement.

4.2.6 Single tone response

�e linearity of a sensor with wires of size  µm× µm×. µm dissipating
mW per wire was studied by measuring a single tone of Hz generated by
a speaker placed at a distance of  cm.�e result is shown in Figure 4.27.�e
sound pressure level at the position of the sensor was measured by the pressure
microphone to be  dB which is in good agreement with the expected particle
velocity of .mm s− measured by the particle velocity sensor.

�e output signal of the particle velocity sensor contains no higher harmon-
ics which indicates a good linearity of the sensors for particle velocities up to
.mm s−.�e pressure sensor on the other hand shows higher harmonics up
to and including the th harmonic.�is is also re�ected when calculating the
spurious free dynamic range of the sensors.�e particle velocity sensor shows a
 dB SFDR while the pressure sensor only  dB.
At higher sound intensities, both the pressure and particle velocity sensor

showed severe higher harmonics. It was however not possible to determinewhether
these non-linearities were due to the sensors or to the speaker hence no conclusion
can be drawn for the linearity of the particle velocity sensor at higher sound
intensities.

4.2.7 Directivity

Directivity measurements were performed using a sensor as shown in Figure 4.1
with wires of size  µm× µm×. µm dissipating mW per wire.�e sensor



 CHAPTER 4 Characterization and optimization

30

60

270
240

210

180

150

120
90

300

330

0

Figure 4.28:Linear directivity patterns of a sensorwithwires of size  µm× µm×. µm
dissipating mW per wire measured using a single tone of .Hz.

was placed at a distance of  cm from the speaker which was driven by a single
tone of .Hz.�e output signals of the sensor were bandpass �ltered and
simultaneously measured using an oscilloscope.�e result is shown in Figure 4.28.
Both directions of maximum sensitivity are perpendicular to each other and

have approximately equal maximum responsivity.�e small mismatch in maxi-
mum responsivity of the two directions is probably due to a small tilting of the
sensor around its horizontal axis.�is causes the bottom lobe to be slightly bigger
than the top one. For the same reason, the bottom parts of the two side lobes are
slightly bigger.

4.3 Comparison of model and measurement

A simpli�ed model of the sensor including the temperature pro�le along the
wires and dynamic performance was presented in section 3.2. In this section, the
analytical model will be compared to the measurements presented in this chapter.
Figure 4.29 shows the responsivity curves of sensors with di�erent wire length as
shown in section 4.2.4 and calculated using equations 3.41 and 3.42.�e amplitude
of all calculated curves is tuned by the same parameter for a better �t with the
measurements.
Clearly there is considerable discrepancy between the model and the measure-

ments. Specially the decreasing cut o� frequency with increasing wire length is
overestimated by the model. On the other hand, the faster roll o� above the cut
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Figure 4.29:Measurement and calculation of the frequency response using equations 3.41
and 3.42 for di�erent wire length.
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Figure 4.30:Measurement and calculation of the frequency response using equations 3.41
and 3.42 for di�erentwire length.Model scaled so that the high frequency responsematches
the measurement.

o� frequency with increasing wire length is accurately modelled.�is is better
visible in Figure 4.30 where each of the calculated responses was scaled such that
the high frequency part �ts the measurements.

Since the model does not account for any boundary layer e�ects but assumes
an incident particle velocity of constant amplitude throughout the entire frequency
range, it shows a �at response at low frequencies contrary to the measurements
where boundary layer e�ects attenuate the particle velocity at the position of the
wires at low frequencies.
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4.4 Conclusions

Measurements show that higher power dissipation increases the responsivity of the
crossed-wire particle velocity sensor. Although responsivity increases across the
entire bandwidth by almost the same amount, at low frequencies noise increases
also by the same amount leading to no change in selfnoise for frequencies up to
Hz. Above that, selfnoise levels decrease with increasing power dissipation up
to ≈ dB at  kHz for a twofold increase in power dissipation.
Sensors with  nm thick platinum �lm and varying SiRN thickness in the

range of – nm were characterized. Selfnoise increases by ≈. dB at  kHz
per doubling of SiRN thickness while below  kHz there is no relevant change.�e
analytical model presented in chapter 3 showed that the mechanical strength of
the wires increases quadratically with SiRN thickness. Considering the small loss
in selfnoise, sensors with thicker SiRN layer could be preferred in applications
where high mechanical strength is desired. Moreover, increasing the mechanical
strength of the wires results in higher fabrication yields.

�e performance of sensors with wires of width in the range of – µm was
measured. Responsivity bandwidth decreases with increasing wire width but
because the noise decreases by almost the same amount, there is no relevant
change in selfnoise levels. Although by a small margin, at frequencies up to Hz
selfnoise decreases with increasing wire width.
Measurements of sensors with wires of length in the range of – µm

show that boundary layer e�ects play an increasing role with decreasing wire
length.�is is re�ected in the responsivity levels where measurements show an
increase of  dB at Hz per doubling of wire length.�e responsivity at low
frequencies can be improved by fabricating a larger pit beneath the wires thus
decreasing the in�uence of the boundary layer e�ect. Despite this improvement
however, sensors with  µm long wires still show a  dB higher selfnoise at
Hz compared to sensors with  µm long wires while the di�erence at high
frequencies is negligible.
A single tone of Hz generated by a speaker was measured using a sensor

with wires of size  µm× µm×. µm.�e results show very good linearity of
the sensor with no higher harmonics for particle velocity levels up to .mm s−

corresponding to a sound pressure level of ≈ dB for a plane wave in free space.
�e directivity patterns of a sensor with wires of size  µm× µm×. µm

show an almost perfect �gure of eight and excellent orthogonality of the two
directions.�e small deviations are probably due to a small tilting of the sensors
during measurements.



REFERENCES 63

�e dynamic performance calculated using the analytical model presented in
chapter 3 shows considerable discrepancywith themeasurements so at themoment
this model is not adequate for predicting and optimizing the performance of the
particle velocity sensor. However, the wide range of measurements presented
clarify the impact of several geometrical properties as well as power dissipation
level on the performance of the particle velocity sensor and can be used for further
optimization.
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Chapter 5

ADParticle Velocity SensorwithMinimal
Flow-Disturbance

5.1 Introduction

Sensors using thermal convection for measuring particle velocity have been used,
either as single sensor or in combination with a microphone, for measuring of
one-, two- and three-dimensional sound intensities[–], acoustic impedances[,
], acoustic (in situ) absorption and pressure[].�e Micro�own[, ] is a
widely used particle velocity sensor. It consists of three silicon nitride beams
of ≈mm length with a platinum layer on top.�e central wire is electrically
heated to about K while the two wires on the side act as temperature sensor
by using the temperature dependent resistivity of the platinum []. In presence
of a �ow perpendicular to the wires, the temperature distribution will change
asymmetrically leading to a temperature di�erence between the two sense wires.
�is temperature di�erence causes a change in resistance of the two sense wires
which is a measure for the particle velocity.�e same principle has been used for
measuring particle velocity in multiple directions by using multiple parallel wire
con�gurations [–].
Traditionally, hot wire sound particle velocity sensors are based on parallel

heated wires[], where the particle velocity displaces the temperature pro�le
perpendicular to the wires. Recently, we proposed a more robust crossed-wire
structure showing responsivity and bandwidth comparable with standard D
particle velocity sensors[].�e sensor provides for D particle velocity sensing
with directivities aligned along each of the heated Pt wires using its temperature
dependent responsivity (�gure 5.1). Initial designs were realized by removing

�is chapter is based on “A D Particle Velocity Sensor with Minimal Flow-Disturbance” by O. Pjetri,
R.J. Wiegerink, G.J.M. Krijnen, published in IEEE Sensors Journal, ./JSEN.., ()
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R1 + δR
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Temperature
pro�les

R2 - δR

Figure 5.1: Schematic of the working principle and vertical cut of the previous design
(dashed line) where the wires are suspended above a  µm deep pit in the wafer and
the new design where the wires are suspended on a  µm thick Si frame  µm above the
Si wafer (solid gray).

a shallow part of the silicon underneath the sensor wires. Importantly, due to
boundary layer e�ects the sensor-wires were not optimally exposed to the particle
velocity �eld resulting in limitations in sensitivity and di�erent sensitivity levels
for the two directions.
In this work we present a new design in which the sensor-wires are suspended

on a Si frame  µm above the silicon surface (�gure 5.2) thus eliminating the
obstructions at the edges and minimizing boundary-layer e�ects both resulting
in an increase of the particle velocity around the wires.�e Si frame still has a
very low thermal resistance, hence forcing room temperature at the ends of the
sensor–wires and thus preserving high temperature gradients along each beam
without obstructing the air�ow. Furthermore, the support structures of the frame,
which also have the bond pads on top, are also optimized to further increase the
particle velocity at the position of the beams.

5.2 Design

5.2.1 Operating principle

�e sensor consists of two silicon nitride wires of size  µm× µm× nmwith
a  nm platinum layer on top as shown in �gure 5.2.�e two wires act as both
heaters and sensors using the temperature dependent resistance of the platinum
layer.�e wires are heated up to ≈K by injecting two currents with equal
magnitude in both terminals of one of the wires and extracting them from the
terminals of the other wire.�e electrical interfacing is shown in �gure 5.3 where
both wires are depicted as two resistors in series making electrical connection
at the center. In case of no �ow, the temperature pro�le along each wire will be
symmetrical resulting in equal resistance of the two parts of each wire as shown in
�gure 5.1 (green line). Because the currents injected through the terminals of each
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Figure 5.2: False colored SEM photo of the new crossed-wire particle velocity sensor.�e
sensor wires are elevated  µm above the substrate improving particle velocity.

V2 (+)

V1 (+)

V2 (−)

V1 (−)

Figure 5.3: Electrical interfacing using four (non-ideal) current sources. �e current
sources are implemented using matched transistor arrays in a current mirror topology.

beam have equal magnitude but opposite directions, the voltage across each half of
the wire will also have equal magnitude but opposite polarity leading to no voltage
di�erence across the terminals of each wire. In the presence of a �ow component
in the direction parallel to a wire, the temperature pro�le along that wire will
change asymmetrically leading to a di�erent average temperature of the two halves
of that wire which in turn causes a di�erent electrical resistance of the two halves
of the wire.�is change in resistance gives rise to a voltage di�erence across the
terminals of the wire which is a measure for the particle velocity component in
the direction parallel to that wire.



 CHAPTER 5 A 2D Particle Velocity Sensor with Minimal Flow-Disturbance

Previous designs of the crossed wires particle velocity sensor consisted of the
two wires suspended above a  µm potassium hydroxide (KOH) pit etched on
the silicon wafer. A vertical cut of this design is shown by dashed lines in �gure 5.1.
�is con�guration presents several drawbacks. First, the particle velocity at the
position of the wires is directly obstructed by the side walls of the pit. Furthermore,
at these small scales the oscillatory boundary layer must be taken into account.�e
oscillatory boundary layer refers to the layer of �uid in an oscillatory �ow close to
a �xed surface where a no–slip condition holds.�e amplitude of the oscillatory
�ow decreases with decreasing distance to the �xed surface until it becomes zero
on the surface itself.�e oscillatory boundary layer is de�ned as [–]:

δ =

√
ν
ω

(5.1)

with ν being the kinematic viscosity of air (≈ ×−m s− for dry air at room
temperature) and ω the angular frequency of the motion (in rad s−). At a distance
δ from the �xed surface, the velocity amplitude has fallen by a factor e− compared
to its free stream velocity. For dry air at room temperature, the Stokes boundary
layer is calculated to be ≈  µm at  kHzwhile reaching ≈  µm at Hz. Second,
the temperature gradient along the wires is also attenuated because the walls of
the pit force room temperature relatively close to the wires, hence more power is
needed to achieve the same temperature. Furthermore, these issues introduced by
the walls become more severe with shorter wires.

�e new design eliminates these two issues by suspending the wires on a  µm
thick Si frame  µm above the Si wafer. A vertical cut of this new design is shown
in solid gray in �gure 5.1.�e  µm× µm Si does not obstruct the air�ow and
preserves high temperature gradients along each beam due to its low thermal
resistance. Both the air�ow and temperature gradients along the wires are further
improved by completely removing the silicon right underneath the wires.

Previous work has shown that the speci�cmounting of the sensors can improve
the signal by up to  dB, an e�ect known as package gain[]. Here, we try to use
this e�ect by designing the supports, which also have the bondpads on top, in the
shape of horns, increasing the velocity of the air entering in between the supports
when approaching the wires.
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5.2.2 Finite Element Method simulations

�e in�uence of the body of the chip on the particle velocity at the position of
the wires was studied using FEM simulations.�ese simulations were computed
using the�ermoacoustic module in COMSOL .b which includes the thermal
and viscous losses necessary to calculate the acoustic particle velocity close to the
surface of the chip where the wires are located.�e governing equations in the
�ermoacoustic module, in the frequency domain, are the momentum equation,
continuity equation and the energy conservation equation[–]:

iωρu =

∇ ⋅ [−pI + µ (∇u + (∇u)T) − (


µ − µB) (∇ ⋅ u) I]

iωρ (
p
p

−
T
T

) + ρ∇ ⋅ u = 

iωρCpT = −∇ ⋅ (−k∇T) + iωp + Q

(5.2)

with ρ the air density, u the particle velocity, µ the dynamic viscosity, µB the
bulk viscosity, p the pressure, T the temperature, Cp the heat capacity at constant
pressure, k the thermal conductivity and Q a possible heat source.�e thermoa-
coustic model is computationally costly hence the simulations were performed for
various two-dimensional cases only. Because of this, the wires together with the
heat dissipated by them cannot be included in the model thus only the in�uence
of the package is investigated. Figure 5.4 shows the simulated acoustic particle
velocity around the body of both previous and new designs at di�erent frequencies.
In all images the particle velocity has been normalized to that of the free �eld
across all simulated frequencies for easier comparison. Figure 5.4(a) shows the
simulations of the particle velocity component in the longitudinal direction for
the previous chip design where the wires were suspended above a  µm deep
pit in the wafer. Figure 5.4(b) shows the simulations of the new design where the
wires are suspended on a  µm thick Si frame  µm above the Si wafer (�gure
5.2) and �gure 5.4(c) shows the simulations of the new design as seen from above
so that the package gain e�ect can be simulated.
In order to be able to compare previous and new designs across di�erent wire

lengths and di�erent frequencies, we de�ne the gain of the new design compared
to the previous one as:

Gain = log (
ūn

ūp
ūss) (5.3)

with ūp, ūn and ūss the average normalized particle velocity along the wire for the
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Figure 5.4: Particle velocity levels in the longitudinal direction normalized to the free �eld
velocity for the (a) previous design (b) new design (c) new design top view at di�erent
frequencies of Hz, Hz and  kHz. Note that (b) does not include the bondpad
structures which increase the package gain e�ect.�e gain in particle velocity due to the
bondpad structures is simulated in (c).

previous design, �gure 5.4(a), new design, �gure 5.4(b) and support structures,
�gure 5.4(c), respectively.�e gain in decibel for the situation in which the wires
are suspended on a thin frame compared to that in which the wires are suspended
above a closed pit ( ūn

ūp
) is shown in �gure 5.5(a) while the gain in decibel due the

supports of the frame only (ūss) is shown in �gure 5.5(b).�e total gain of the new
design as de�ned in equation 5.3 for wire lengths of  µm,  µm and  µm
at di�erent frequencies is shown in �gure 5.5(c). As expected, the improvement of
the new design is dependent on the frequency and the size of the chip because of
the frequency dependence of the boundary layer thickness.

Gain in particle velocity due to the support structures

At very low frequencies, the thickness of the boundary layer is larger than the
distance between the supports of the frame hence the latter attenuate the particle
velocity at the position of the wires. As the boundary layer becomes thinner with
increasing frequency, it’s attenuating e�ect diminishes until it no longer in�uences
the particle velocity between the supports. As can be seen in �gure 5.5(b), the
frequencies at which this occurs are approximately Hz, Hz and Hz for
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wire lengths of  µm,  µm and  µm, respectively.�e boundary layer
thickness at these frequencies is calculated to be  µm,  µm and  µm
which correspond to approximately half the distance between the supports.�is
means that the frequency at which the boundary layer thickness becomes half the
distance between the supports can be seen as a cut–o� frequency, below which
the boundary layer e�ects are dominant while at higher frequencies package gain
e�ects start playing a preeminent role.
As can be expected, the package gain due to the supports of the frame is

inversely proportional to the distance of the supports in the frequency range
where boundary layer e�ects can be neglected and the wavelength of the incident
acoustic wave is larger than the distance between the supports. Figure 5.5(b) show
package gain values of  dB, . dB and  dB for wire lengths of size  µm,
 µm and  µm, respectively.
Since the simulations are performed for a two-dimensional case, the results

correspond to the situation where these structures are in�nitely long in the direc-
tion perpendicular to the surface of the chip. In reality, these structures are only
 µm high with the wires suspended on their top surface. Because of this, the
actual package gain will be lower than the values calculated above.

Gain in particle velocity due to freely suspended wires

�e longitudinal component of the particle velocity at the position of the wire
is shown in �gure 5.6 for both designs with wire lengths of  µm. In the case
of the previous design, the particle velocity at the position of the wire is clearly
attenuated, except at high frequencies where it increases at the extremities of the
wire due to the abrupt obstruction that the body of the chip presents to the incident
acoustic wave.�e new design with suspended wires does not present such an
obstruction and shows higher particle velocity levels at the center of the wire
even at low frequencies. Figure 5.4(a) shows an increase of up to . dB in particle
velocity when the wires are freely suspended.�is gain is more pronounced for
shorter wires because in that case the boundary layer in combination with the
closed pit underneath the wires greatly reduces the particle velocity at the position
of the wires.
It is important to note that the responsivity of the sensors depends not only

on the particle velocity but also on the temperature gradient along the wires.�e
�nite element method simulations shown in �gures 5.4, 5.6 and 5.5 handle only
calculations on particle velocity around the chip.
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Figure 5.5: Simulated gain in particle velocity of the new design over the previous one for
di�erent wire lengths. (a)�e gain calculated as the ratio of the average particle velocity
along the wire in �gure 5.4(b) and and that in �gure 5.4(a). (b)�e gain due to suspension
structures calculated as the ratio of the average particle velocity at the position of the wire
to the free �eld particle velocity, �gure 5.4(c). (c) Total gain of the new sensor compared to
the previous one as de�ned in equation 5.3.
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Figure 5.6: Particle velocity levels in the longitudinal direction normalized to the free �eld
velocity calculated at the position of the wire for the previous and new design.

5.2.3 Fabrication

�e process �ow for the fabrication of the sensors is shown in �gure 5.7.�e
sensors are fabricated using double side polished (DSP), SiliconOn Insulator (SOI)
 µm thick {  } silicon wafers with a diameter of  cm.�e wires consist of
a  nm/ nm Pt/Cr �lm deposited on top of a  nm thick Silicon Rich Silicon
Nitride (SiRN) layer for mechanical support.�e suspension structures consist
of a silicon core from the device layer packed in SiRN on the edges and by the
Buried Oxide layer (BOX) beneath it. First a lithographic step is performed to
de�ne the contours of the suspension structures by  µm trenches. A cryogenic
Deep Reactive-Ion Itching (DRIE) at − ○C follows for etching the trenches up
to the BOX layer.�e resist is then stripped using oxygen plasma followed by
min dip in piranha solution. A . µm SiRN layer is deposited by Low Pressure
Chemical Vapor Deposition (LPCVD) at  ○C in order to �ll the trenches (a).
�e top layer of the SiRN is etched back up to the Si surface, �rst by Reactive-Ion
Etching (RIE) then followed by etching in phosphoric acid (HPO) at  ○C
leaving the polished device layer exposed. Next, a lithographic step on the back
side followed by a cryogenic-DRIE step  µm deep etches part of the Si beneath
the wires and part of the  µm trenches around all devices (b).�ese trenches
de�ne the outer contours of each device so that they can be removed in the end.
�e depth in this step also de�nes the thickness of the bottom part of the sensor.
�e resist is stripped in oxygen plasma followed by min in piranha solution.
A  nm Silicon Rich Silicon Nitride (SiRN) layer is deposited by Low LPCVD
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Figure 5.7: Process �ow of the fabrication process of the open crossed-wire micro�own.
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at  ○C. Next, the metal layer needed for the wires and bond pads is patterned by
li�-o� (c).�is is done by performing a lithographic step followed by sputtering a
 nm/ nm Pt/Cr �lm.�e thin chromium layer is used for improved adhesion
of platinum onto the SiRN layer.�e photo resist is then stripped in ultrasonically
agitated acetone bath, leaving the patterned platinum on the SiRN layer. A third
lithographic step together with the metal layer is used as a mask for patterning the
 nm SiRN layer (d).�e resist is again stripped in oxygen plasma followed by a
min dip in piranha solution.

At this point the wires are de�ned and the excessive Si beneath them and
the suspension structures can be completely removed.�e relatively long DRIE
etching steps used to achieve this could damage the thin wires if not protected
properly. For this reason, the patterned photoresist layer that follows does not only
cover the beams and suspension structures, but also a  µm Si area around them.
�e exposed Si parts are then etched by RIE up to the box layer (e). At this point,
the wires are supported by a  µm× µm Si bar and the suspension structures
have a  µm× µm Si slab on each side.�is not only drastically improves the
mechanical strength of the structures during the long cryogenic-DRIE step, but
also helps to carry o� the excessive heat that the wires could undergo during this
process.

Next, the exposed parts on the top of the wafer can be etched up to ≈ µm
deep. Bosch processes would be ideal for this purpose as they provide high
selectivity to masking materials. However, this can’t be employed in this case
because the �uorocarbon used to provide side-wall passivation is di�cult to
completely remove since the presence ofmetal limits the possibilities of removing it.
For this reason, cryogenic-DRIEwill be used for this purpose.�is process however
has lower selectivity to masking materials compared to Bosch process hence a
resist mask is not su�cient. Also, a thicker resist layer can not be used because of
the cracking that occurs to thick resist layers at these low temperatures. A ≈ µm
silicon–oxide deposited using Plasma-Enhanced Chemical Vapor Deposition
(PECVD) at  ○C will be used as a mask for this step. Spray coating is then used
for depositing a  µm resist layer on both sides of the wafer in order to cover the
high aspect–ratio structures (f).�e PECVD silicon–oxide and the thin SiRN
layer on the backside of the wafer are patterned using RIE (g). Next, the exposed
Si regions on the top are etched  µm deep using cryogenic–DRIE at − ○C
leaving a ≈  µm Si layer between the top and bottom etched surfaces.�e resist
is then stripped using oxygen plasma followed by min dip in piranha solution
while the PECVD silicon–oxide is removed using Bu�ered HydroFluoric acid
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Figure 5.8: Several particle velocity sensors fabricated using the process described in
section 5.2.3
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(BHF) (h).�e excessive Si around the wires and suspension structures is removed
using a % potassium hydroxide (KOH) solution at  ○C (i). During this step,
not only the remaining Si around the wires and suspension structures but also the
surface of the bottom frame etches at a fast rate of ≈ µmmin− which makes the
timing of this step critical.

�e remaining  µm thick Si allows for ≈min of etch time in KOH a�er
which the bottom frame of the chip would have reached the desired thickness
of  µm. More importantly, this step must be long enough to ensure complete
removal of the Si around the wires and suspension structures as any remainings
could impact performance. However, excessive over etch would result in thinner
bottom frame and severe side etch of the bonding pad structures. Finally, the
remainings of the BOX layer are etched in BHF solution (j). Di�erent particle
velocity sensors fabricated using this process are shown in �gure 5.8.

5.3 Setup

5.3.1 Driving and readout electronics

�e bare sensor die was mounted on a  cm× cm custom made printed circuit
board containing all the necessary electronics for driving and readout of the sensor.
�e driving circuit is responsible for injecting two currents of equal magnitude
into the terminals of one wire and extracting these currents from the terminals of
the other. Figure 5.9 shows the schematic of the implemented circuit.�e circuit is
based on a current mirror topology: the currents through Q and Q will be equal
to the current through Q while the currents through Q and Q will be equal to
the current through Q. Potentiometer R determines the current through Q and
Q and consequently also the current through the wires of the sensor. As can be
noticed by the working principle of the current mirror, it is of high importance
that the transistors be matched. For this reason, matched transistor arrays of
type THATS (Q, Q, Q) and THATS (Q, Q, Q) were used. Emitter
degeneration resistors (R through R) of Ω were added for improved matching.
Furthermore, these transistor arrays have a voltage noise of only . nV/

√
Hz

making them very suitable for this application.�e di�erential output of each
wire is ampli�ed using AD low noise ampli�ers with × gain setting.�e
outputs of the ampli�ers are captured with a Siglab - signal analyzer. Fig 5.10
shows the measurement setup. We use the “piston-on-a-sphere” approach [, ]
which exploits the known sound �eld in front of a loudspeaker placed in a spherical
housing. Such a construction acts as an acoustic monopole on its center axis and



 CHAPTER 5 A 2D Particle Velocity Sensor with Minimal Flow-Disturbance

R R R

Q Q Q

R

R R R

Q Q Q

V

ChipV+

V+

V-

V-

Figure 5.9: Schematic of the circuit used for driving the crossed-wire particle velocity
sensor.�e current through each terminal of a wire is set by varying potentiometer R.

25cm
2D particle
velocity sensor

SpeakerCircuit board

Rotating table

Figure 5.10: Schematic of the setup used to characterize the particle velocity sensor. Re-
sponsivitymeasurements are done by emitting white noise with the speaker andmeasuring
the transfer function between the particle velocity sensor and the reference pressure
microphone with a Siglab signal analyzer. For directivity measurements, the speaker emits
a single tone of Hz while the di�erential outputs of both wires are measured at the same
time by two lock–in ampli�ers.�e rotating table and lock–in ampli�ers are controlled
using MATLAB.
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has an acoustic impedance accordingly[]. For high frequency measurements
( kHz– kHz), the particle velocity sensor is placed at a distance of  cm from
the loudspeaker and a pressure microphone is used to measure the pressure close
to the sensor.�e particle velocity at the position of the sensor is then calculated
using themeasured pressure close to the sensor and the known acoustic impedance
of the acoustic monopole source. For low frequency measurements (Hz– kHz),
the particle velocity sensor is placed very close to the speaker (≈ cm) while the
pressure microphone is placed inside the spherical housing of the speaker. At low
frequencies, the particle velocity close to the membrane is almost equal to the
velocity of the membrane itself due to continuity conditions [].�e velocity
of the membrane itself can be calculated using the measured pressure inside the
loudspeakers housing.

5.3.2 Responsivity and noise measurements

For a more accurate result of both low– and high frequency measurements, 
consecutive measurements were averaged. A�er merging the low– and high fre-
quency measurements together, a Gaussian moving average �lter with  samples
was used to smooth the entire curve.�e responsivity results are normalized with
respect to the speci�c impedance ρc. Instead of V

m/s , the results will be given in
V/Pa∗ where Pa∗ is the equivalent particle velocity of a plane wave with pressure
amplitude of  Pa in far �eld conditions and coincides with a particle velocity of
about .mm s−[, ].
Noise measurements were performed by placing the bare sensor die and

the PCB with the necessary electronics inside an electromagnetically shielded
 cm× cm× cm box �lled with acoustic damping material. Each noise curve
is obtained by averaging  consecutive autospectrummeasurements with a Siglab
– signal analyzer. Self noise curves relative to  dB free �eld are calculated
from the responsivity and noise measurements.

5.3.3 Directivity measurements

For directivitymeasurements, the sensorwas placed on a rotating table at a distance
of  cm from the speaker.�e speaker was driven by a single tone of Hz
using the internal generator of a lock-in ampli�er.�e di�erential outputs of both
ampli�ers were measured simultaneously using two di�erent lock–in ampli�ers.
�e rotating table and lock–in ampli�ers were controlled using MATLAB.
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Figure 5.11:Measured total resistance of a single wire normalized to the resistance at room
temperature (R) as a function of the total dissipated power for all three chips.

5.4 Results and discussion

�ree chips with wire lengths of  µm,  µm and  µm were fabricated and
characterized. All chips have the same support structures and wire width of  µm
consisting of a stack of  nm of SiRN and  nm of platinum on top.

�e total resistance of a single wire at di�erent power levels was measured for
all three chips. Typical resistance values at room temperature are Ω, Ω and
Ω for single wire lengths of  µm,  µm and  µm, respectively.�e
three devices showed a mismatch in resistance of ≈ % between the two wires
which can be explained by asymmetries in the photomask used for de�ning the
wires during fabrication. Figure 5.11 shows the measured resistance normalized
to the resistance at room temperature R. At their maximum total power, that
the wires can handle without permanent damage, all chips dissipate the same
amount of power per unit wire-length yet the smaller chips achieve lower average
resistance increase and thus lower average temperature along the wire.�is can
be explained by the heat loss to the body of the chip becoming more dominant
for smaller chips.�is also indicates that the temperature pro�le, and thus also
the temperature gradient, di�ers with varying length thus directly in�uencing the
responsivity of the sensor regardless of the particle velocity applied.

�e responsivity and noise of the  µm chip at di�erent total power levels is
shown in �gure 5.12. With increasing power dissipation the responsivity increases
by approximately the same amount over the entire bandwidth, which can be
expected because of the increasing temperature gradient along the wires.�e
frequency at which highest sensitivity occurs shi�s to slightly higher values with
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Figure 5.12: Responsivity and noise curves of the  µm chip at di�erent total power
levels.
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Figure 5.13: Selfnoise curves of the  µm chip at di�erent total power levels.

increasing power, which is probably due to the changing properties of air at
high temperatures.�e noise levels seem to increase more pronounced for lower
frequencies.�is is better visible from the selfnoise curves at di�erent total power
levels of the  µm chip shown in �gure 5.13. Selfnoise curves are presented in dB
Particle Velocity Level (PVL) with  nm s− as reference. For low frequencies up
to ≈Hz there is no signi�cant decrease in selfnoise with increasing dissipated
power because noise and responsivity increase with the same amount. Above
≈Hz however, noise increases less than responsivity with increasing power
dissipation thus improving the selfnoise of the chip. Figure 5.13 shows a  dB
selfnoise decrease in the range  − kHz for a sixfold increase in total power
dissipation.
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Figure 5.14: Responsivity and noise curves of all three chips at their maximum total power
and the previous design at mW.

Responsivity and noise curves of all three chips at their maximum total power
are shown in �gure 5.14 while their selfnoise curves are shown in �gure 5.15. For
comparison, responsivity and selfnoise curves of the previous design at mW
are also shown. Compared to the previous design, the  µm device shows a
signi�cant increase in responsivity of ≈  dB at low frequencies and ≈  dB at
higher frequencies when both are operated at mW.�ere is also decrease in
selfnoise of up to  dB for low frequencies while at frequencies higher than ≈ kHz,
both designs show exactly the same selfnoise levels.�is corresponds closely to
the expected improvement from the FEM simulations (�gure 5.5(c)) however, an
exact quantitative comparison is not possible due to the di�erent wire lengths and
temperature pro�les of the two designs.

�e normalized directivity patterns of the previous asymmetrical sensor as well
as the new design are shown in �gure 5.16.�e asymmetry in the previous design
caused the particle velocity at the position of the wires to be di�erent for the two
directions which in turn resulted in amismatch in responsivity of the two channels.
�e new design is completely symmetrical thus less prone to such mismatches. Yet,
the new design shows also a slight mismatch of ≈ . dB between the two channels.
�is can be explained by imprecisions in mask printing as also evidenced by the
≈% wire resistance mismatch of the two directions as mentioned above. Still,
this is a signi�cant improvement over the previous design where the mismatch in
sensitivity was . dB.
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Figure 5.15: Selfnoise of all three chips at their maximum total power and the previous chip
at mW.
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Figure 5.16: Linear plot of the normalized directivity patterns along the directions of both
wires, measured at mW total power and at Hz.�e polar plots are scaled so that the
largest lobes match.
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5.5 Conclusions

As predicted by the COMSOL simulations, the previous designwas severely limited
by the oscillatory boundary layer e�ects.�erefore a new fabrication process was
developed that allows suspended wires at  µm above the surface of the chip
resulting in an increased particle velocity at the position of the wires.

�e new sensor shows an improvement in sensitivity ranging between  dB
at low frequencies to  dB at high frequencies when both sensors are operated at
mW total power. Furthermore, the selfnoise of the new design is up to  dB
lower compared to the previous design at frequencies lower than  kHz.
Finally, the directivity patterns of both crossed-wires designs show an almost

perfect �gure of eight and excellent orthogonality of the two directions. �e
remaining mismatch in sensitivity of the two directions of only . dB can be
attributed to inaccuracies in photomask fabrication.
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Chapter 6

Impact of metal �lm on the performance of
the crossed-wire particle velocity sensor

6.1 Introduction

As mentioned in earlier chapters, a thin platinum layer is used as heater and
sensor simultaneously in crossed-wires particle velocity sensors. Making use of the
temperature dependent electrical resistance of the platinum, the small temperature
variations of the wires due to an incident particle velocity cause a change in
electrical resistance of the wires described by:

R = R ( + α∆T) (6.1)

with α being the temperature coe�cient of resistance (TCR) and R the electrical
resistance at ∆T = . Platinum o�ers a relatively high TCR in the range of .×−–
.×− K− which remains linear over a wide temperature range[–]. In MEMS
however where thin �lms are normally used, lower values are found in the order
of .×− K− and even lower[–]. Furthermore, in applications where metal
�lms operate at high temperatures, platinum has the advantage of being resistant
to oxidation and having a high melting point of ≈ ○C[].

�e platinum�lm is positioned on top of a thin SiRN layer, usually  nm thick
for improved mechanical strength of the wires. Being chemically inert, platinum
adheres poorly to silicon, SiO and SixNy when deposited using sputtering or
evaporation.�erefore, di�erent techniques have been employed in the past for
improving the adhesion of platinum to these layers[].Most commonmethods rely
on the use of a more reactive material at the interface between the insulator and
platinum.Most usedmaterials to improve adhesion are aluminum (Al), chromium
(Cr), titanium (Ti), tantalum (Ta) and zirconium (Zr)[, ]. Di�erent studies have

Manuscript based on this chapter is in preparation.
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shown that the optimal thickness of the adhesion layer is – nm[, , ].
Also electrochemical methods have been successfully applied for depositing Pt

�lms on insulators without any adhesion layer[–]. Although Pt �lms deposited
by such methods showed very good adhesion and stability at high temperatures,
they are not o�en applied in MEMS because of the limitations they force on the
fabrication process. More speci�cally, these techniques are not compatible with
common fabrication steps like lithography and ultrasonically enhanced li�-o� [].
When operated at high temperatures, the mechanical and electrical properties

of metal �lms decline. Of the most common degradation phenomena in thin Pt
�lms, agglomeration seems dominant at temperatures above  ○C[, , –].
�e formation of pyramidal shaped hillocks can in extreme cases lead to isolated
islands and delamination of the �lm.�e material used at the interface for better
adhesion, greatly in�uences the degradation of Pt �lms at high temperatures as
well as the e�ective TCR of the metal stack.
In the past, usually a thin – nm chromium �lm has been used for improv-

ing adhesion of Pt �lms in particle velocity sensors based on multiple parallel
wires[, ]. Because of the proven stability of the Cr/Pt stack during fabrication,
it has also been used for the fabrication of crossed-wire particle velocity sensors
presented in previous chapters. Platinum and chromium form an inter-metallic
compound which adheres much better to the substrate but unfortunately has a
much lower TCR than platinum. At high temperatures, Cr oxidises and di�uses
into Pt through the grain boundaries degrading the �lm and leading to poor
adhesion [].
Studies on Ta/Pt �lms have shown much better adhesion and conservation of

the electrical properties of Pt at high temperatures[]. Ta is much less reactive
with oxygen compared to Cr and although it oxidises at temperatures above  ○C,
its reaction rate with oxygen is relatively low. Furthermore, unlike Cr, it hardly
di�uses into the Pt layer[, ]. Moreover, Ta di�uses through Ptmuch slower than
O causing Ta oxidation to occur beneath the Pt layer at the surface of the Ta �lm
inhibiting further oxidation of Ta. Because of this oxidation taking place beneath
the Pt layer, the electrical characteristics of Pt are preserved at temperatures above
 ○C[].
Operating at high temperatures has the advantage of increased temperature

gradient and thus performance of the crossed-wires particle velocity sensor. Beside
the temperature gradient, also metals with high TCR-values increases the respon-
sivity of the sensors. Nickel (Ni) has a bulk TCR-value of .×− K− which
makes it attractive for use in crossed-wires particle velocity sensors. A drawback of
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4mm

Figure 6.1: Layout of test structures consisting of a stack of a  nm adhesion �lm (Cr or Ta)
and  nm platinum used for measuring the resistance of the stack to KOH and TMAH.

Ni is its high reaction rate with oxygen which limits the temperature at which the
sensors can operate. However, Ni could be interesting for low power applications
where these sensors are operated at relatively low temperatures.

�is chapters will discuss the impact of using Ta/Pt and Ta/Ni instead of Cr/Pt
�lms on the performance of the crossed-wire particle velocity sensor.

6.2 Fabrication compatibility

Particle velocity sensors consisting of parallel and crossed wires have been fab-
ricated in the past using Cr/Pt stack of  nm/ nm thick which has shown to
withstand consequent fabrication steps. Most importantly, the metal �lm must be
compatible with the anisotropic etching of the pit beneath the wires in potassium
hydroxide (KOH). Previous studies have shown that Ta deposited by sputtering
etches in KOH at a rate of . nm s−[]. Considering the ≈ h etch in KOH
needed for a  µm deep pit, sensors fabricated with Ta/Pt and Ta/Ni �lms can
not be etched in KOH.
A direct alternative to KOH is tetramethylammonium hydroxide (TMAH).

Usually preferred in cases where high selectivity to SiO is necessary, TMAH
is however less adequate than KOH for the etching of the pit because of its
lower selectivity to the Si{  } facets. Although dependent on concentration
and temperature, TMAH has a Si{  }/Si{  } selectivity of ≈ while KOH
≈.�is results in greater etch of Si{  } facets of the pit in TMAH thus greater
undercut at the contours of the pit de�ned by the SiRN layer. For a  µm deep
pit, etching in KOHwould cause a . µm undercut while etching in TMAHwould
increase the undercut to  µm. However, when considering sensors with typical
wire length of  µm, these levels of undercut can be neglected as far as the
performance of the sensor is concerned.

�e exact etch rates of these metals are mainly dependent on the deposition
method, deposition parameters, etchant concentration and etchant temperature
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hence previous studies can only be considered as guidelines.�erefore, testing
of these �lms with the same fabrication process used for crossed-wires particle
velocity sensors is necessary to asses their compatibility. Because a study of the
exact etch rates of these materials is beyond the scope of this research, we will only
focus on the characteristics required for the fabrication of crossed-wire particle
velocity sensors.

Metal structures as shown in Figure 6.1 were fabricated using one side polished
(OSP),  µm thick {  } silicon wafers with a diameter of  cm. First, a
 nm SiRN layer is deposited by Low Pressure Chemical Vapor Deposition
at  ○C. Next, a  nm platinum �lm is deposited above a  nm adhesion �lm
by sputtering.�e �lmswere deposited subsequently without breaking the vacuum.
A lithographic step is used for de�ning the test structures followed by reactive
ion etching (RIE) of the exposed metal up to the SiRN layer.�e remaining resist
is then stripped away in oxygen plasma. Structures consisting of three di�erent
metal stacks were fabricated: Cr/Pt, Ta/Pt and Ta/Ni.

�e etch rates of Si{  } in % KOH at  ○C and % TMAH at  ○C were
measured to be  µmmin− and . µmmin−, respectively.�e metal structures
were immersed in KOH and TMAH solutions for  h and  h, respectively.�is is
approximately the time needed for etching a  µm deep pit beneath the wires in
these solutions.

�e eventual etching of suchmetal �lms in these solutions is di�cult to evaluate
using optical microscope, scanning electron microscope (SEM) or even surface
pro�lers.�erefore, the electrical resistance of the structures was measured by
the -point probes method before and a�er the exposure to TMAH and KOH. In
order to test their adhesion strength a�er etching, the wafers were placed in an
ultrasonic bath �lled with water for  h followed by scotch-tape test[, ].

Structures with Cr as adhesive layer, etched in either KOH or TMAH, passed
the tests while structures with Ta etched in KOH where almost completely li�ed
a�er the ultrasonic bath.�is is consistent with the expectation that Ta is etched
in KOH[]. All �lms, except Ta/Pt and Ta/Ni �lms etched in KOH which were
completely li�ed a�er the ultrasonic bath, showed no change in electrical resistance
thus are resistant to etching in TMAH and KOH. In conclusion, sensors with Ta/Pt
and Ta/Ni metal stacks can only be etched in TMAH solution while sensors with
Cr/Pt metal stack can be etched in TMAH as well as KOH solution. In order
to keep other aspects than the metal stack identical throughout all samples, all
sensors were fabricated using the same process with the pit beneath the wires
etched in % TMAH solution at  ○C.
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6.3 Impact of annealing onmechanical integrity andTCRof thin
�lms

6.3.1 Annealing of thin �lms

Previous studies have shown that annealing reduces the internal stress of Ta/Pt
�lms and increases the stability of their electrical properties when operated at high
temperatures[]. Annealing of structures as shown in Figure 6.1 was performed
in a furnace under atmospheric conditions while the temperature was ramped
up from room temperature to annealing temperature at a rate of  ○Cmin−.�e
samples were then kept at annealing temperature for  h a�er which they were
let to cool down in the furnace for ≈ h until the temperature had dropped below
 ○C. Ta/Ni samples were annealed at – ○C in  ○C steps while Cr/Pt
and Ta/Pt samples where annealed at – ○C in  ○C steps. All samples
where annealed only once at speci�ed temperature according to the procedure
described above. Pictures taken by optical microscope of Cr/Pt and Ta/Pt �lms
are shown in Figure 6.2 and 6.3, respectively. Ta/Ni �lms showed no changes in
their morphology at these temperatures.

Table 6.1: Resistance change in percentage a�er annealing at di�erent temperatures for
Cr/Pt, Ta/Pt and Ta/Ni �lms of  nm/ nm thickness.

Metal
stack

Annealing temperature (○C)
     

Cr/Pt - - . (.) . (.) -. (.) . (.)

Ta/Pt - - . (.) -. (.) -. (.) . (.)

Ta/Ni -. (.)  () - - - -

�e electrical resistance of ten samples was measured by -point probes before
and a�er annealing.�e change in resistance due to annealing, shown in Table 6.1,
andmorphological changes of the �lms are consistent with previous studies[, ].
At  ○C both Cr/Pt and Ta/Pt �lms show formation of hillocks but no holes are
visible.�e electrical resistance on the other hand changes drastically with Cr/Pt
�lms showing an increase of .% in electrical resistance while Ta/Pt �lms only
. %.�is is to be expected because of the di�usion and oxidation of Cr into the
Pt �lm.�is causes the grain boundaries to become more pronounced in Cr/Pt
�lms leading to higher electrical resistance.�e electrical resistance of Ta/Pt �lms
on the other hand remains almost unchanged because Ta does not di�use into Pt
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10μm

(a)  ○C (b)  ○C

(c)  ○C (d)  ○C
Figure 6.2:Optical microscope pictures of Cr/Pt �lms annealed in air at di�erent tempera-
tures. For all samples the annealing conditions were: ramp up of  ○Cmin− and were kept
for  h at indicated temperature.

and the structure of the Pt layer does not change at these temperatures.
At  ○C and  ○C, although agglomeration looks more severe, all �lms

become more continuous as shown by other studies[]. Because of the negligible
di�usion of Ta into Pt, in contrast to Cr, the Ta/Pt �lm shows much �atter surface
compared to the Cr/Pt �lm despite the few perforations in both cases.�is is
also visible in the measurements of the electrical resistance of the �lms, Table 6.1.
�e Cr/Pt �lm shows little to no change in electrical resistance compared to
as-deposited while the Ta/Pt �lm shows a decrease of up to .%.�e limited
di�usion of Ta allows Pt grains to merge creating a more continuous �lm resulting
in decrease of the the electrical resistance.
When annealed at  ○C, both types of �lms were completely perforated
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10μm

(a)  ○C (b)  ○C

(c)  ○C (d)  ○C
Figure 6.3:Optical microscope pictures of Ta/Pt �lms annealed in air at di�erent tempera-
tures. For all samples the annealing conditions were: ramp up of  ○Cmin− and were kept
for  h at indicated temperature.

and separate islands were formed in Cr/Pt �lms. Despite the Ta/Pt �lm being
completely perforated, measurements show only an increase of .% in electrical
resistance, probably due to the �lm still being strongly interconnected, and accept-
able reproducibility while most of Cr/Pt �lms were completely damaged and the
ones that could be measured had unpredictable change in electrical resistance.
Although the electrical characteristics of Cr/Pt �lms are preserved at annealing

temperatures of  ○C and  ○C, scotch-tape and scratch tests showed poor
adhesion. Ta/Pt �lms on the other hand had very good adhesion even when
annealed at  ○C.
It is interesting to note that throughout all annealing temperatures, Ta/Pt �lms

show lower standard deviation of electrical resistance hence better reproducibility.
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Figure 6.4:T, R curves of as-deposited and annealedmetal �lms.Measurements are plotted
as discrete points while dashed lines represent the linear �t.

Table 6.2: Measured TCR-values in K− of  nm/ nm Cr/Pt, Ta/Pt and Ta/Ni �lms
annealed at di�erent temperatures.

Metal stack
Annealing temperature (○C)

As deposited      

Cr/Pt . - - . . . .

Ta/Pt . - - . . . .

Ta/Ni . . . - - - -

6.3.2 TCR of annealed �lms

TCR-values were obtained by measuring the electrical resistance using -point
probes over a temperature range of – ○C.�e results are shown in Figure 6.4
and Table 6.2.�e TCR of the �lms increases with increasing annealing tempera-
ture except for Cr/Pt �lms annealed at  ○C.�is is to be expected because of
the severe degradation of the �lm due to agglomeration as noticed by a .%
increase in electrical resistance.�roughout all annealing temperatures, Ta/Pt
�lms have higher TCR-values than Cr/Pt �lms.
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6.4 Stability of the electrical properties ofPt�lms a�er annealing

Previous studies have shown that annealing of thin metal �lms increases the
stability of their electrical properties like TCR and electrical resistance when
operated at high temperatures[]. �is can be used to optimise the particle
velocity sensor by increasing long term stability and reproducibility. Moreover, the
annealing experiments presented above show that TCR and electrical resistance of
the �lm can drastically change when the wires of the sensor reach su�cient high
temperatures for (unintended) annealing to take place.
Particle velocity sensors with wires of size  µm× µm×. µm as shown

in Figure 4.1 and  nm/ nm thick Cr/Pt, Ta/Pt and Ta/Ni metal stacks were
fabricated. For each type of metal �lm, �ve di�erent sensors were characterised.
�e total power dissipated by the sensor was increased in steps of mW up to
mW while the electrical resistance of both wires was continuously measured.
Unfortunately, all sensors with ametal stack of Ta/Ni showed inconsistent electrical
resistance values even at low power levels of ≈mW hence no reliable measure-
ments could be performed.�is is probably caused by the rapid oxidation of Ni at
relatively low temperatures.

�e average change in electrical resistance of a single wire with increasing
total power dissipation together with the standard deviation for sensors with
Cr/Pt and Ta/Pt �lms are shown in Figure 6.5. When power is increased for
the �rst time up to mW, non-annealed Cr/Pt wires show a sharp increase in
electrical resistance at ≈mW while Ta/Pt wires show only a slight deviation
from the expected increase in electrical resistance due to the TCR of Pt.�is is
consistent with the measured change in electrical resistance due to annealing.
As the temperature of the wires increases with increasing power dissipation,
annealing e�ects start taking place. Assuming a wire reaches a peak temperature
of ≈ ○C as calculated in chapter  and taking into account the temperature
pro�le, a considerable part of the wire will reach temperature levels in the range
of – ○C. At these annealing temperatures, the electrical resistance of Cr/Pt
increases by approximately % compared to as-deposited Cr/Pt �lms hence the
sharp increase in electrical resistance. When power is increased for the second
time up to mW, no such sharp changes in electrical resistance are observed
indicating a stable metal �lm.
Sensors annealed at  ○C show no relevant change in P-R curves between

the �rst and second ramp-up of total dissipated power.�is is consistent with the
measurements of non-annealed �lms described above and earlier �ndings on the
stability of metal �lms a�er annealing.
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Figure 6.5: Average increase in electrical resistance and its standard deviation of �ve
di�erent sensors with increasing total power dissipation for sensors with di�erent metals
stacks.

�e increase in electrical resistance of the wires with increasing power dissipa-
tion is also an indication of the TCR of the metal stack. Although the power
dissipation along the wires is position dependent and can slightly vary with
di�erent types of metal stacks, leading to slightly di�erent temperature pro�les
along the wires, it can be assumed that the average temperature increase of the
wires is only dependent on the power dissipation and not on the type of metal
�lm. Consequently, the average increase in electrical resistance across di�erent
types of metal �lm is dependent only on power dissipation and TCR of the metal
�lm. When considering the increase in electrical resistance for di�erent types of
�lm at mW in Figure 6.5, it can be noticed that the R/R values are in good
agreement with the measured TCR-values of annealed �lms shown in Table 6.2.
When the sensors are operated at high temperatures for the �rst time, also

called the burn-in phase, annealing e�ects take place.�is process is however
not well controlled nor is it uniform along the entire length of the wire. It can
also be noticed that a�er burn-in, non-annealed sensors have lower R/R values
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at mW compared to annealed sensors with the same type of metal �lm.�is
indicates lower e�ective TCR of the �lm.

6.5 Impact of annealing on the dynamic performance

As described previously, annealing as well as burn-in of non-annealed �lms in�u-
ence the TCR and electrical resistance of metal �lms. To assess their impact on the
dynamic performance of the sensor, responsivity and noise levels of �ve di�erent
sensors for each metal �lm combination were measured. All measurements were
performed at mW total power such that the peak temperature of the wires does
not exceed  ○C. At these temperatures, no annealing or burn-in e�ects take
place when measuring the performance of sensors with as-deposited �lms.
Responsivity and noise curves of sensors with as-deposited and at  ○C

annealed Cr/Pt and Ta/Pt �lms are shown in Figure 6.6. Measurements were
performed before and a�er min burn-in at mW total power.
To better visualise the impact of burn-in and annealing on the dynamic perfor-

mance of the sensors, responsivity, noise and selfnoise levels are compared against
sensors with as-deposited �lms.�ese are shown in Figures 6.7 and 6.8 for sensors
with Cr/Pt and Ta/Pt �lms, respectively.
For both types of �lms when annealed, sensors show exact same responsivity

and noise levels before and a�er burn in.�is is to be expected because annealing
increases the stability of the electrical properties of the �lm as discussed earlier.
Assuming that the temperature of the wires at their burn-in power of mW is
lower than the annealing temperature of  ○C, no essential changes in the �lm
occur hence their performance remains unchanged. For both types of sensors,
annealing has a positive e�ect on the responsivity as it increases the TCR of the
�lms. Sensors with annealed Cr/Pt �lms show an increase of . dB in responsivity
while the responsivity of Ta/Pt �lms increases by . dB at Hz and  dB at  kHz.
Unfortunately, also noise increases slightly with annealed �lms leading to lower
gain in selfnoise levels. Sensors with annealed Cr/Pt �lms show only  dB decrease
in selfnoise at frequencies above  kHzwhile at low frequencies there is no relevant
change compared to as-deposited �lms. Sensors with Ta/Pt �lms show better
improvement from annealing with a decrease of ≈. dB in selfnoise compared to
sensors with as-deposited �lms.

�e results presented in Figure 6.7 and 6.8 are interesting when studying the
impact of burn-in and annealing of �lms on the performance of the sensors. In real
world applications however, sensors are usually operated at their maximum power
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Figure 6.6:Responsivity and noise curves together with their standard deviation of sensors
with as-deposited and annealed at  ○C Cr/Pt and Ta/Pt �lms. Five di�erent sensors were
measured for each type of �lm. At low frequencies, the polynomial �tting shown in black
overlaps with the measurement.
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Figure 6.7: Responsivity, noise and selfnoise levels with respect to sensors with as-
deposited Cr/Pt �lm.

where their selfnoise levels are the lowest.�is implicitly means that the sensors
undergo a burn-in phase. All results presented in the previous chapters, are of
sensors with Cr/Pt �lms a�er a burn-in time su�ciently long for the electrical
properties of the �lm to stabilize.�erefore, as far as real world applications are
concerned, the performance of sensors with annealed �lms should be compared
against sensors with non-annealed �lms a�er burn-in.
Figure 6.9 shows the selfnoise levels of sensors with Cr/Pt and Ta/pt �lms

annealed at  ○C compared against sensors with non-annealed Cr/Pt �lms a�er
burn-in. For both �lms, annealing has a positive e�ect on selfnoise with a decrease
of  dB at frequencies above  kHz for Cr/Pt �lms and  dB decrease for sensors
with Ta/Pt �lm. At low frequencies, the impact of annealing on selfnoise decreases
for both types of �lm.
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Figure 6.8: Responsivity, noise and selfnoise levels with respect to sensors with as-
deposited Ta/Pt �lm.
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Figure 6.9: Selfnoise levels of sensors with Ct/Pt and Ta/Pt �lms annealed at  ○C
compared to sensors with a non-annealed Cr/Pt �lm a�er burn-in.
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6.6 Conclusion

�e in�uence of metal �lms on the performance of the crossed-wires particle
velocity sensor has been studied.�reemetal �lm stacks of thickness  nm/ nm
were taken into consideration: Cr/Pt, Ta/Pt and Ta/Ni. Of the three, Ta/Ni had
the highest measured TCR-value of .×− K− followed by Ta/Pt and Cr/Pt
with TCR-values of .×− K− and .×− K−, respectively. Annealing at
– ○C increases the TCR of Cr/Pt and Ta/Pt �lms by ≈% while the TCR
of Ta/Ni �lms annealed at  ○C increases by %.
Cr/Pt �lms could withstand annealing temperatures up to  ○C while Ta/Pt

�lms could be annealed at  ○C with acceptable reproducibility. Despite the
electrical properties being preserved at these temperatures, visual inspection and
scotch-tape tests showed high levels of agglomeration and poor adhesion of Cr/Pt
�lms at annealing temperatures above  ○C while Ta/Pt �lms annealed at  ○C
had very good adhesion. Moreover, annealing also improves the electrical stability
at high temperatures.
Sensors with  nm/ nm thick Cr/Pt, Ta/Pt and Ta/Ni �lms were fabricated.

Because of the relatively low oxidation temperature of Ni, sensors with Ta/Ni �lm
could not be characterized as their Ni �lm would oxidise at very low total power
dissipation levels of ≈mW. Selfnoise levels of sensors with Cr/Pt and Ta/Pt �lms
annealed at  ○C decreases by up to . dB compared to sensors with as-deposited
Cr/Pt and Ta/Pt �lms. Although annealing e�ects were also observed during the
burn-in phase of the sensors, their performance decreases compared to sensors
with as-deposited �lms. Annealing of sensors with Ta/Pt �lm at  ○C decreases
selfnoise up to  dB compared to sensors with non-annealed Cr/Pt �lms a�er burn
in.
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Chapter 7

A�rst implementation towardsanunderwa-
ter crossed-wire particle velocity sensor

7.1 Introduction

�e D particle velocity sensor based on crossed-wires presented in previous
chapters has been characterized and optimized for applications in air. It shows
very good bandwidth and selfnoise levels specially at low frequencies which makes
it very attractive for underwater applications where mostly frequencies below
Hz are of interest. Currently, most particle velocity sensors for underwater
applications are based on arrays of pressure sensors [, ]. Because of the typically
long acoustic wavelengths, these systems are quite large and must increase in size
with decreasing frequencies to be measured. Sensors based on nature-inspired
bionic hairs have been proposed which allow the direct measurement of particle
velocity underwater with a limited sensor size [–]. Other techniques exploit the
principle that the motion of a freely �oating neutrally buoyant sphere placed in a
sound �eld follows the particle velocity of the water [, ].

Several studies have shown that the micro�own, a particle velocity sensor
based on forced thermal convection, can also be used for the measurement of
particle velocity in liquid environment [–]. Likewise, also the crossed-wire
particle velocity sensor potentially can be used for the measurement of particle
velocity signals in underwater scenarios. In this chapter a �rst implementation and
initial measurements of the crossed-wire particle velocity sensor for underwater
applications will be discussed.

Manuscript based on this chapter is in preparation.
Chapter partly based on the BSc work of Bayu Adi Dharmaputra.
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Figure 7.1: Schematic of the �ow �eld around a dipole [].

7.2 Measurement setup and background theory

In order to measure the performance of the sensor, the particle velocity at the
position of the sensor should be well de�ned. Di�erent calibration techniques
like using a standing wave tube or moving the sensor inside the liquid have been
proposed in the past []. �ese techniques however require large measuring
setups, need extensive calibration and the calculations of the particle velocity at
the position of the sensor require several assumptions.

�e setup used for calibrating the crossed-wire particle velocity sensor is based
on the �ow generated by a vibrating sphere inside the liquid. Such a vibrating
sphere can be considered as a dipole. A schematic of the �ow �eld generated
by a dipole is shown in Figure 7.1.�e sphere vibrates in the x direction and
the �ow �eld around it can be calculated if the dimensions of the sphere and its
displacement are known.�e dipole velocity �eld can be described by the velocity
potential Φ [–]:

Φ (r, θ , t) =
a

r ( + jkr) cos (θ) ve j(ωt−kr) (7.1)

with r being the distance from the centre of the sphere, θ the angle with respect
to the axial direction and a the radius of the sphere.�e velocities in the x and y
directions can then be found by calculating the negative gradient of the velocity
potential and assuming incompressible �ow close to the source (kr ≪ ):

vx (x , t) = ve jωt a


x − D

(x + D)
/ (7.2)

vy (x , t) = ve jωt a


Dx

(x + D)
/ (7.3)
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Figure 7.2: Schematic of the setup used for the characterization of the crossed-wires particle
velocity sensor in liquid environment.

with D the distance from the x-axis. Equations 7.2 and 7.3 are valid only in the
near �eld because the �ow is assumed to be incompressible. At larger distances,
the compressibility of the medium should be taken into account in which case the
source becomes a radiating dipole.

It must be also noticed that the equations above do not take into account the
viscosity of the medium hence boundary layer e�ects are neglected.�e boundary
layer thickness for olive oil, calculated using equation 5.1, is .mm at Hz and
decreases down to .mm at Hz. For the intended purpose of this measuring
setup, the sensor will be placed close to the sphere but outside the boundary layer
hence equations 7.2 and 7.3 are valid calculating of the particle velocity applied.

Although we would like to investigate the performance of the sensor underwa-
ter, a direct placement of the sensor in water is not convenient. First, the boiling
point of water is quite low hence limiting the maximum temperature the wires
may operate at. As concluded in chapter 4, the performance of the crossed-wire
particle velocity sensors increases with increasing dissipated power. Second, water
is electrically conductive which in contact with the metal �lm of the wires would
reduce the performance of the sensor. Lastly, when the sensors are operated at
voltage di�erences larger than about .V, electrolysis of water may occur, largely
disturbing the measurements and complicating the interpretations. For these
reasons, instead of water, olive oil for cooking was used which has a smoking point
of above  ○C and is not electrically conductive [].�e measurement setup
used is shown in Figure 7.2. A rectangular container of size  cm× cm× cm
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Figure 7.3:Resistance change and calculated average temperature of the wires as a function
of total dissipated power.

made of perspex is �lled with olive oil. A stainless steel rod with a sphere of mm
radius in the middle is connected to a linear actuator and is free to move in the
horizontal direction. On the other side of the rod, a thin plate is mounted which
passes through the probe of an optical position sensing device.�e PCB with
the crossed wires particle velocity sensor mounted on it is �xed on a vertical
stainless steel rod aligned with the sphere and able to rotate and move around the
z-direction by means of a rotation mount and z-translator.�e output of a lock-in
ampli�er connected to a power ampli�er is used for driving the actuator.�e
outputs of the crossed wires particle velocity sensor and optical readout equipment
are measured simultaneously by two lock-in ampli�ers.

7.3 Experimental results

7.3.1 Electrical resistance and maximum dissipated power

A sensor with wires of size  µm× µm×. µm and geometry as shown in
Figure 4.1 was used for all measurements. First, the sensor was placed in the
container �lled with oil and the electrical resistance of the wires at di�erent total
power dissipation was measured.�e result is shown in Figure 7.3.�e electrical
resistance changes linearly for total power dissipation up to mW.�e average
temperature along the wires is calculated to be ≈ ○C at mW total power
dissipation. It must be noted that the maximum temperature of the wires is higher
at their crossing point hence the sensor should be driven at lower power as to
not exceed the smoking point of oil.�e maximum total power dissipated by the
sensor in all measurements was kept below mW. At this power level, the average
temperature of the wires is ≈ ○C, well below the smoking point of olive oil.
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Figure 7.4: Normalized particle velocity at increasing distance from the centre of the
sphere as measured by the crossed wires particle velocity sensor and �tted using ar−.
Measurements performed at Hz with the sensor dissipating a total power of mW.

 

 

mm
mm
mm
mm
mm
mm
mm
mm
mm

Re
sp
on

si
vi
ty
( dB

V
/( m

s−
))

Frequency (Hz)
   

−














Figure 7.5: Responsivity of the crossed wires particle velocity sensor measured at di�erent
distances from the centre of the sphere.

7.3.2 Setup validation

As described previously, the measurement setup uses a vibrating sphere as �ow
source.�e actual setups, however, di�ers slightly from an ideal dipole. Fist, the
stainless steel rod used for driving the sphere has a diameter of mm which is
needed for mechanical stability.�is causes the velocity potential (and thus the
�ow velocities in the vicinity of the sphere) to be di�erent from the one described
in equations 7.1, 7.2 and 7.3. Second, eventual acoustic re�ections of the container
could disturb the �ow in the vicinity of the sphere.
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In order to asses the validity of equations 7.1, 7.2 and 7.3 for the measurement
setup, the output voltage of the sensor at increasing distance from the centre of the
vibrating sphere was measured, Figure 7.4.�e output voltage decays with ar− as
expected by the decrease of particle velocity calculated using equation 7.2.�is
indicates that the sensor does indeed measure the particle velocity of the medium
and that re�ections, at least at Hz, are negligible.
To assess the validity of the setup over a larger frequency range the responsivity

of the sensor was measured at various distances from the centre of the dipole,
Figure 7.5.�e responsivities are presented in dBVm− s with the particle velocity
at the position of the sensor calculated using equation 7.2.�ese curves overlap as
should be the case because they represent the responsivity of the particle velocity
sensor and not the particle velocity itself.�ere are some consistent spikes in the
frequency response probably as a result of mechanical resonances of the setup.
It can be noticed in equations 7.2 and 7.3 that the �ow amplitude decreases with
D− and increases with a hence a/D can be considered a kind of characteristic
parameter. For the setup used this value is quite small, a/D = . hence the walls
of the container are su�ciently far from the device under test for re�ections to be
neglected.
At frequencies above Hz, mechanical resonances of the thin plate used for

the optical readout together with the small displacements of the sphere at these
frequencies lead to erroneous measurement of the displacement of the sphere
hence the high spikes in responsivity.�e output of the sensor on the other hand
continues to roll-o� smoothly with increasing frequency up to the maximum
measured frequency of  kHz. Further optimizations of the setup to eliminate
these resonances would allow the characterization of sensors up to  kHz.

7.3.3 Dynamic performance

Responsivity and noise measurements at various power levels are shown in Fig-
ure 7.6 and 7.7, respectively. Responsivity increases by  dB per doubling of
dissipated power at frequencies below Hz which is closer to the expected
increase of  dB. As discussed in section 4.2.1, when operated in air, the wires
reach high temperatures resulting in higher thermal conductivity of air and higher
average electrical resistance of the wires due to the TCR of the Pt �lm. For these
reasons, the increase in responsivity with doubling of power dissipation is not only
lower than the expected  dB but it depends also on the absolute level of the power
dissipation as was shown in Figure 4.2. In oil on the other hand, the wires operate
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Figure 7.6: Responsivity at di�erent dissipated power per wire.
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Figure 7.7:Noise at di�erent dissipated power per wire.

at much lower temperatures so the properties of the oil do no change considerably
and neither does the electrical resistance of the wires.

Noise increases on average by  dB per doubling of dissipated power at low
frequencies of ≈Hz.�is increase in noise with increasing power dissipation
diminishes with increasing frequency.

Responsivity however decreases faster than noise at high frequencies leading
to higher selfnoise levels with increasing frequency. Selfnoise levels with respect
to . nm s− [] are shown in Figure 7.8. As expected, selfnoise decreases with
increasing power. At low frequencies of around Hz there is no relevant change
in selfnoise for di�erent power dissipation. At higher frequencies the di�erence
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Figure 7.8: Selfnoise at di�erent dissipated power per wire.
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Figure 7.9: Linear scale directivity patterns of a sensor with wires of size
 µm× µm×. µm dissipating mW per wire. Measurements performed at Hz.

becomes more noticeable with the sensor dissipating .mW per wire having a
≈ dB higher selfnoise compared to the case when dissipating mW.

It must be noted that noise measurements were not performed in an anechoic
room neither was the setup placed on a table with mechanical damping. Vibrations
of the surroundings could be transmitted to the setup and cause the peaks at
≈Hz.
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7.3.4 Directivity measurements

Directivity measurements were performed at mW per wire with the sensor
placed at a distance of mm from the centre of the sphere, Figure 7.9.�e output
signals of the sensor were bandpass �ltered and simultaneously measured using
an oscilloscope. Both directions of maximum sensitivity are perpendicular to each
other and have equal maximum responsivity.

7.4 Conclusion and discussion

In conclusion, the setup based on a vibrating sphere proved to be very reliable
for the characterization of particle velocity sensors up to Hz.�e applied
particle velocity on the sensor can be accurately calculated and used for character-
ization. Currently, resonances of the optical readout probe limit the calibration
bandwidth to Hz. With further optimization, this method could be used for
the characterization of particle velocity sensors up to at least  kHz.

�e performance of a sensor with wires of size  µm× µm×. µm was
measured in olive oil. It showed acceptable selfnoise levels of ≈ dB with respect
to . nm s− at mW total power dissipation. Increasing power dissipation
leads to lower selfnoise levels.�is is however limited by the maximum allowed
temperature for the liquid in which the sensor is immersed.
Although strictly speaking the sensor was characterized by applying bulk-�ow

instead of particle velocity, k⃗ ⋅ r⃗ ≈ , when considering the compact size of the
sensor compared to the long wavelengths in liquid environment, it can be assumed
that the measurements performed under these conditions are a good indication of
the performance of the sensor in underwater environment.
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Chapter 8

Conclusions and outlook

�is thesis describes the design and realization of two-dimensional acoustic
particle velocity sensors consisting of two crossing wires which are used both
as heaters and sensors. Each wire senses the acoustic particle velocity in the
direction parallel to it. Due to the inherent geometry of the design, these sensors
show sensitive directions exactly orthogonal to each other requiring no directivity
calibration, which was di�cult to achieve in the past.�ese devices are relatively
easy to fabricate, smaller and mechanically more robust than existing parallel-
wire particle velocity sensors.�is allows for higher resistance against drag forces
during high intensity measurements, better resistance against harsh fabrication
steps and, consequently, higher fabrication yield.

�e characterization of this type of sensor is described in chapter 4 where
the performance of sensors with varying geometrical properties like wire width,
length and thickness are presented. Measurements show that responsivity depends
mostly on power dissipation, wire width, wire length and particle velocity at the
position of the wires. Small discrepancies of one or more of these parameters
could lead to a mismatch in responsivity of the two directions.�is was the main
issue concerning the �rst version of the crossed-wires particle velocity sensor
presented in chapter 2. Because of its rectangular shape, the particle velocity at the
position of the wires was di�erent for the two directions leading to a mismatch
in responsivity. Despite this asymmetry however, the sensitivity directions were
exactly perpendicularity to each other.

�e improved version with suspended wires discussed in chapter 5 had a
symmetric chip but still showed a slight mismatch in responsivity although much
lower compared to the asymmetric design.�is was caused by the wires having
slightly di�erent width due to asymmetries in the photomask used for de�ning the
wires during fabrication.�is was also evident by the % mismatch in electrical
resistance of the two wires. Both these issues were addressed using a symmetric
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chip and designing the photomasks so that both wires have equal geometric
properties.�e resulting device, presented in chapter 4, showed sensitive directions
exactly orthogonal to each other and with equal responsivity levels.

Despite the performance of the sensor being sensitive to its geometrical and
electrical properties, attention to design and fabrication process for realizing
a symmetric sensor allows the fabrication of two-dimensional particle velocity
sensors that require no calibration of directivity or responsivity levels of the two
directions.

�e responsivity of the sensor can be increased in several ways. First, increasing
power dissipation results in higher temperature gradient and thus responsivity
but this is however limited by the maximum temperature the wires can withstand
without incurring permanent damage. A better way to optimize the sensor is by
focusing on its very essential working principle. Basically, the sensor measures
variations in electrical resistance of the wires due to small perturbations of their
temperatures caused by an incident particle velocity.�erefore, the sensor can be
primarily optimized in three ways: increasing the particle velocity at the position
of the wires, increasing the temperature gradient along the wires and using metal
�lms with high temperature coe�cient of resistance.

�e �rst two should be, at least partially, considered together because the
highest responsivity is attained when the temperature gradient is the highest at
the location of the wire where also the particle velocity is the highest. By tuning
the temperature pro�le, one could increase the temperature gradient at locations
of the wire subject to high particle velocity levels without increasing the peak
temperature of the wires.�is can be achieved in several ways. First, the width
of the wires can be adjusted so that power dissipation, and thus heat dissipation,
becomes position dependent. However, one must keep in mind that by changing
the width of a certain part of the wire, this changes also its electrical resistance
and thus also its contribution to the total change in electrical resistance of the wire
according to equation 6.1.

Higher �exibility can be achieved by running two, electrically separated set
of wires on the same SiRN substrate so that one set of crossing wires can be
used for heating while the other set is used for sensing.�is technique allows the
temperature pro�le to be tuned without in�uencing the electrical properties of the
sensing wires while these can be optimized for higher sensitivity.�is principle can
be expanded even further by completely separating the two sets of wires instead
of running the two metal �lms on the same SiRN substrate.�is further increases
the �exibility in optimizing the temperature gradient along the sensing wires.



121

Using two di�erent sets of wires for heating and sensing could also prove
advantageous in regard to noise, because electrical noise from the heater wires and
the electrical circuit driving them would not be coupled to the sensing elements.

Contrary to acoustic particle velocity sensors based on parallel wires, this
design using crossing wires requires room temperature to be forced only on the
extremities of the wires rather than beneath them.�is allows for higher �exibility
in design so that both temperature gradient and particle velocity at the position
of the wires can be independently tuned. Due to the small size of the sensor,
oscillatory boundary layer e�ects play an important role and can strongly attenuate
the particle velocity at the position of the wires if these are placed inadequately.
Experiments with di�erent wire length and pit size beneath the wires show an
increase of up to  dB in selfnoise when the sides of the pit are placed close to the
wires hence forcing a no slip condition in their proximity.

An improved version of the sensor presented in chapter 5 was designed with
the wires suspended on a thin frame and the silicon beneath and on the sides of
the wires completely removed. Moreover, the supports of the frame, which also
have the bond-pads on them, were designed in the shape of horns, increasing the
velocity of the air entering in between the supports when approaching the wires.
Especially at low frequencies where boundary layer e�ects are considerable, this
new design shows up to  dB improvement in sensitivity. Unfortunately, such
sensors are more di�cult to fabricate and have lower yield of –%, dependant
on wire length, compared to the design presented in chapter 4 which showed
yields of –% dependant on wire length, width and thickness.

Boundary layer e�ects attenuating the particle velocity at the position of the
wires is not always undesirable and can be used for optimizing the sensors for
applications where low frequency components and DC �ow need to be �ltered. In
chapter 4 it was shown that sensors with  µm long wires have only  dB lower
responsivity at frequencies above  kHz compared to sensor with  µm long
wires while at Hz, due to boundary layer e�ects, this di�erence increases to
 dB. Although the �ltering of low frequency components can also be performed
a�er data acquisition, attenuating low frequency components at sensor level has
the advantage of preventing the temperature pro�le along the wires from severe
distortion due to high DC �ows which could deteriorate also the performance at
high frequencies. Moreover, this reduces also the drag forces that the wires need to
withstand making it possible to design sensors speci�cally tailored for applications
where high speed winds and low frequency components are undesirable.

A third way to increase responsivity is by optimizing the metal �lm of the wires.
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Since particle velocity is sensed by measuring variations in electrical resistance
of the wires due to small perturbations of their temperatures, metals with high
temperature coe�cient of resistance directly increase the responsivity of the sensor.
Currently, platinum is widely used in applications where high temperatures are
required because it is resistant to oxidation, has a highmelting point and acceptable
TCR values of ×−–.×− ○C−. Because platinum does not adhere very well
to SiRN, usually a thin metal layer is used at the interface to improve adhesion.
However, this adhesion layer, despite being very thin, e�ects themechanical as well
as the electrical performance of the platinum �lm, and consequently of the sensor,
at high temperatures. Experiments with chromium and tantalum as adhesion layer
show that Ta/Pt �lms can be operated up to  ○C while Cr/Pt �lms can only be
used up to  ○C. Although still being electrically conductive, the adhesion of
Cr/Pt �lms on SiRN greatly degrades at temperatures above  ○C while Ta/Pt
�lms showed very good adhesion even at  ○C.

�e quality of metal �lms fabricated in MEMS varies based on the method
used for deposition and various parameters during the deposition process. Usually
the �lm is grainy and less compact compared to the bulk material.�is causes
the mechanical as well as the electrical properties of these �lms to change when
operated at high temperatures for the �rst time, which is also referred to as “burn-
in” phase. Such changes during burn-in are undesirable because the temperature
of the wires during this process is not well controlled and neither is it uniform
along the wires.�is would result in metal �lms having varying electrical and
mechanical properties along the wire. Experiments show that annealing of sensors
at temperatures in the range of – ○C can be used to increases the stability
of the �lm while also improving its electrical properties like TCR and electrical
resistance. Ta/Pt �lms annealed at  ○C had a .% decrease in electrical
resistance and % increase in TCR indicating a more continuous �lm.�ese
improvements are also re�ected in the performance of the sensors with annealed
sensors having – dB lower selfnoise compared to sensors with as-deposited �lms.
Operating the sensors without annealing beforehand, has a negative e�ect on their
performance. Non-annealed sensors a�er burn-in showed an increase of up to
 dB in selfnoise compared to sensors with as-deposited �lm. Furthermore, the
electrical resistance of sensors annealed at  ○C did not change a�er burn-in
while sensors with as-deposited �lms showed changes in their electrical resistance
during operation indicating dri�ing of their performance.

Although in the past particle velocity sensors were fabricated using Cr/Pt �lms,
using Ta/Pt �lms is highly recommended as it increases the performance of the
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sensors in various aspects without any drawbacks. Furthermore, annealing of
sensors before use is strongly advised as it improves the overall performance of
the sensors as well as their long term stability and reproducibility.

Experiments with sensors using nickel as metal �lm instead of platinum show
TCR values of .×− ○C− but unfortunately no measurements could be per-
formed as these �lmswould oxidise at very low power dissipation levels in the order
of a fewmW.Althoughmetals like nickel can not be used at high temperatures, they
are interesting in applications where low power consumption is desired in which
case the wires would operate at relatively low temperatures. Possible remedies
include enclosing the entire wire in a thin, not electrically conductive �lm in order
to prevent the oxidation of these metal �lms.�is technique also expands the
possible applications of these sensors by allowing them to be used in environments
with electrically conductive materials or chemicals that would otherwise lead to
corrosion of the metal �lm.

�e crossed-wire particle velocity sensor has been tested in olive oil environ-
ment as a �rst step towards an underwater particle velocity sensor.�e sensor
shows excellent �gure of eight polar patterns with the two directions of maximum
sensitivity being perpendicular to each other and having equal maximum sensitiv-
ity. Just like when operated in air, responsivity increases with increasing power
dissipation. Unfortunately, the maximum temperature the wires could operate at
was limited by the relatively low smoke point of the oil used, ≈ ○C.

If the crossed-wires particle velocity sensor is to be used in an underwater
environment, the sensor must be packaged in order to protect it from debris and
prevent the water, in most cases electrically conductive, reach the wires. One
possible solution is to place the sensor inside a small container �lled with a liquid
material. Such a packaging poses several challenges. First, the acoustic impedance
of the packaging must be matched as close as possible to that of the liquid in
which the measurement takes place in order to minimize acoustic re�ections and
thus increase the particle velocity at the position of the sensor inside the package.
Second, the liquid inside must not be electrically conductive and must have an
as high as possible smoke point in order to allow the sensor to operate at high
temperatures. Enclosing the wires in a thin, not electrically conductive �lm as
discussed previously can be advantageous also in this case since it would allow the
use of conductive liquids thus further expanding the possible materials that can
be used in the encapsulation.

Another remaining challenge is improving the analytical model presented
in this thesis. At the moment, this model can predict the temperature pro�le
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along the wires with acceptable accuracy but is not adequate for predicting the
dynamic performance of the sensor.�ere are still some important factors that
this model does not take into account like the heat transfer through the wires, the
heat capacitance of the wires, the particle velocity at the position of the wires and
the position dependent heat dissipation. Due to the intrinsic two-dimensional
character of the sensor, the model must be handled as a three dimensional problem
in order to account for the factorsmentioned above, rendering the analyticalmodel
even more complicated.�e analytical model could be simpli�ed by isolating
certain aspects of the sensor and studying them separately. For instance, an
analytical model of the temperature distribution along the wires, which includes
the heat transfer through the wires, can be used to optimise the temperature pro�le
in order to achieve a high temperature gradient at the position with highest particle
velocity while numerical models could be used to optimise the geometry of the
sensor for a higher particle velocity at the position of the wires.



Appendix A

A note on noise

Previous chapters described the performance of several particle velocity sensors by
measuring their responsivity and noise levels.�e small temperature perturbations
due to an incident acoustic wave are translated into voltage �uctuations across the
terminals of the wire which is bu�ered and ampli�ed. Additionally, this voltage
contains noise which can be divided in noise generated by the sensor itself and
noise added by the driving circuit.

�ere are two main noise sources when considering the crossed wires particle
velocity sensor. First, the Johnson noise caused by thermal excitation of the charge
carriers in the wires.�e one-sided power spectral density, or voltage variance per
hertz of bandwidth, of an electrical resistance is described by v

n = kTR, with k
being the Boltzmann constant, T the absolute temperature and R the electrical
resistance [].
Secondly, noise is introduced by thin-�lm metal resistors which, when fabri-

cated in MEMS, contain many grain boundaries and irregularities at microscopic
level, as described in chapter 6.�ese defects cause additional noise of metal �lms
denoted by / f a or �icker noise.�e power spectral density Sv of this additional
noise follows Hooge’s formula [–]:

Sv =
γHV 

N f a
(A.1)

with V the voltage across the resistor, N the total number of charge carriers in the
sample and γH a constant related to the quality of the thin-�lm resistor.
Other possible origins of noise that are observed in the output signal are the

�uctuations of the thermal di�usion constant k of air, its density ρ and heat capacity
Cp. Moreover, vibration modes of the two wires may lead to slight temperature
variations causing an apparent particle velocity.

�e crossed wires particle velocity sensors are fabricated utilizing roughly
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the same process as used for the micro�own which is based on parallel wires.
Although being di�erent in their working principle, the wires of both types of
sensors have approximately the same size and consist of the same stack of materials.
In the past, the noise of the micro�own has been investigated theoretically and
compared to measurements[, ]. Because of the great similarities between the
two types of sensors, the approach taken in investigating the noise sources of the
micro�own could be applied to the crossed wires particle velocity sensors as well.
Due to insu�cient time and resources however, such investigation has not been
performed.

�e noise measured at the output of the electrical circuit used for driving the
crossed wires particle velocity sensor consists not only of the noise generated by the
sensor itself but also of the noise generated by the electrical circuit. Although the
origin of the noise generated by the sensor could not be investigated, by studying
the contribution of the electrical circuit to the total noise measured, the perfor-
mance of the sensors can be better understood. In this appendix, measurements
on the noise of the driving circuit are presented.

A.1 Results

�e electrical circuit used for driving the crossed wires particle velocity sensors,
Figure 2.5, is based on six bipolar junction transistors (BJT) in a current mirror
con�guration.�e output of the sensor is then bu�ered and ampli�ed by two
AD instrumentation ampli�ers, one for each wire. First, the contribution of
the ampli�ers to the total noise is investigated using the electrical circuit shown
in Figure A.1. �e inputs of the ampli�er are connected to ground through two

AD8421
+

-
Siglab 20-42

Figure A.1: Setup used for the measurements of ampli�er’s noise.

electrical resistors of equal value and the output voltage of the ampli�er ismeasured
using a Siglab – signal analyzer. Because the Johnson noise generated by the
electrical resistors is well known, the contribution of the ampli�er to the noise
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Figure A.2: Output noise of an AD instrumentation ampli�er for various electrical
resistance valuesmeasured using the setup in �gureA.1. Black lines represent the calculated
noise according to the ampli�er’s data sheet.

measured at its output can be calculated.
Figure A.2 shows the measured noise at the output of the ampli�er for di�erent

electrical resistance values.�e measurements are in good agreement with the
expected levels based on the data sheet of the ampli�ers. It can be noted that
the contribution of these ampli�ers to the total noise is low and very acceptable.
Assuming a noiseless ampli�cation of ×, the expected noise at the output
of the ampli�er for two electrical resistors of  kΩ is − dB

√
Hz− while the

noise measured was only . dB
√
Hz− higher. When low electrical resistances are

used, which generate less noise, the contribution of the ampli�er to the total noise
at the output is higher. When using Ω electrical resistances, the measured
noise of −. dB

√
Hz− is  dB

√
Hz− higher than the expected noise due to

the electrical resistances alone.
�e contribution of the the rest of the electrical circuit was studied using the

full electrical circuit as showed in Figure 2.5. Four discrete electrical resistors were
connected in place of the sensor and the output voltages of the ampli�ers were
measured using a Siglab – signal analyzer. Discrete electrical resistors are
not sensitive to air properties like thermal di�usion constant, density and heat
capacity. Furthermore, the electrical resistors used were of metal �lm type rated at
mW so that it can be assumed that their electrical properties do not change
during measurements at low power levels.
Since the thermal noise of the four electrical resistors and the noise introduced

by the ampli�ers are known, the contribution of the rest of the electrical circuit
to the total noise at the output can be calculated. Because the noise generated
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Figure A.3: Noise at the output of the ampli�er in �gure 2.5 with four discrete resistors
of Ω placed instead of the particle velocity sensor. Measurements were performed at
various power levels.�e indicated voltage was measured across terminals V+ and V+ in
�gure 2.5.
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Figure A.4: Noise at the output of the ampli�er in �gure 2.5 with four discrete resistor
of  kΩ placed instead of the particle velocity sensor. Measurements were performed at
various power levels.�e indicated voltage was measured across terminals V+ and V+ in
�gure 2.5.

by the BJT’s is current dependent, measurements were performed with electrical
resistances of Ω,  kΩ and  kΩ at varying electrical current.

�emeasured noise levels shown in Figures A.3, A.4 andA.5 are comparedwith
the case where the electrical resistors are connected directly to the instrumentation
ampli�ers as in Figure A.1.
Measurements show typical noise shapes of bipolar junction transistors. Noise

increases throughout the entire measured frequency band with increasing DC
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Figure A.5: Noise at the output of the ampli�er in �gure 2.5 with four discrete resistor
of  kΩ placed instead of the particle velocity sensor. Measurements were performed at
various power levels.�e indicated voltage was measured across terminals V+ and V+ in
�gure 2.5.
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Figure A.6: Noise level comparison of the electrical circuit in �gure 2.5 between the case
where particle velocity sensors were mounted and the case where discrete resistors were
used.�e electrical resistances noted are those of a single wire.

current while at low frequencies �icker noise∝ / f a becomes more prominent
with increasing DC current as can be expected from BJT’s [].
A thorough study of the noise introduced by the electrical circuit was not

performed due to lack of time.�ese measurements however can be used to
distinguish between the noise generated by the sensor and the noise introduced
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by the electrical circuit. Figure A.6 shows noise levels measured at the output of
the ampli�ers when discrete resistors were placed instead of the sensor and noise
levels of sensors with comparable electrical resistance of the wires at approximately
same power dissipation.

A.2 Discussion

At low frequencies, sensors show higher noise levels compared to the case where
discrete resistors were used indicating other noise sources than thermal noise and
noise introduced by the electrical circuit. At high frequencies, noise decreases
until reaching the same noise levels measured when discrete resistors were used
instead of the sensor suggesting that at these frequencies, thermal noise of the
electrical resistors together with the noise introduced by the electrical circuit are
the dominant noise sources.�is indicates that the plateau level noise reaches at
high frequencies, Figure A.6, is mostly determined by the electrical circuit rather
than the particle velocity sensor.

A.3 Conclusion

�e noise introduced by the electrical circuits used for driving the crossed wire
particle velocity sensor and amplifying its output was studied. Experiments using
discrete electrical resistors instead of the sensor show that noise introduced by
the current mirror ranges between a few dB

√
Hz− up to  dB

√
Hz− depending

on the value of the electrical resistances and electrical current through them.�e
presence of a∝ / f a noise component, which increases with increasing electrical
current, suggests that the BJT’s are the main reason behind this increase in output
noise.
At frequencies below ≈  kHz, noise at the output of the driving circuit is

mostly determined by the particle velocity sensor while at higher frequencies, noise
introduced by the electrical circuit becomes dominant limiting the performance
of the particle velocity sensor.
Additional studies on the noise sources of both the sensor and electrical circuit

are needed for further optimizations.
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Appendix B

Model of a heatedwirewith temperature de-
pendent electrical resistance

�e analyticalmodel discussed in chapter 3 can be used to calculate the temperature
pro�le along the wires under certain assumptions. One of the assumption was
that the electrical resistance of the wire does not change with temperature. Strictly
speaking this is incorrect since the electrical resistance of the wires changes with
temperature due to the temperature coe�cient of resistance of the platinum �lm,
equation 6.1.
In the sequel, a simple model will be presented that aims at a better under-

standing of the in�uence of TCR on the static temperature pro�le of the wires.

T = T0

i0

Figure B.1: Geometry used for assessing the impact of TCR on the temperature pro�le
along a single wire carrying an electrical current i.

We start by considering the geometry shown in �gure B.1. A single wire carrying
an electrical current i has room temperature boundary conditions �xed on its
extremities.�e the one dimensional static heat balance equation along the wire
can be written as:

− k
dT
dx = −RTT + δT (B.1)

with T the temperature along the wire, RT [Wm− K−] the heat resistance of
the medium between the wire and the environment, which is assumed to be
position-independent, δT [Wm−] the heat generation per unit wire length and
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k [WmK−] the thermal conductivity.�e temperature along the wire is position
dependent and will cause a position dependent electrical resistance which on its
turn will give rise to a position dependent heat dissipation.�erefore, the heat
generation term δT should be temperature dependent and can be described by:

δT = i
R ( + αT) (B.2)

by substituting this in equation B.1 and rearranging terms we get:

k
dT
dx + T (i

Rα − RT) = −i
R (B.3)

which is an ordinary di�erential equation of second order. Solving for T we get:

T (x) =
i
R

RT − i
Rα

[ + Aexp (λx) + B exp (−λx)] (B.4)

with

A = −


 + exp (λL)
(B.5)

B = −


 + exp (−λL)
and

λ
=
RT − αi

R

k
(B.6)

Figure B.2 shows calculated temperature pro�les at di�erent electrical current levels
using equation B.4 for a mm long wire having an electrical resistance of  kΩ at
room temperature.�e temperature pro�les are normalized to their corresponding
total power dissipation in order to better visualize their correlation. As can be
expected, the temperature pro�le achieves its maximum value at the centre of the
wire and because of the temperature coe�cient of resistance of platinum, so does
the electrical resistance. As the current through the wires increases, the electrical
resistance, and consequently heat dissipation, increases faster at the centre of the
wire compared to its extremities causing the temperature peak at the centre of
the wire to become more pronounced with increasing power dissipation. In order
to calculate the total resistance versus power we integrate the resistivity over the
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Figure B.2: Temperature pro�les at di�erent electrical current levels for a mm long
wire having an electrical resistance of  kΩ at room temperature. Temperature pro�les are
normalized to their corresponding total power dissipation.

wire:

Rtot = ∫
x′=L

x′=
R { + αT(x′)} dx′ (B.7)

= ∫
x′=L

x′=
R { +

αi
R

RT − i
Rα

[ + Aexp (λx′) + B exp (−λx′)]} dx′

= RL + {
αi

Rtot

RT − i
Rα

}

Rtot =
RoL

{ − αPtot
RT−iRα }

Since the second term in the denominator is generally small compared to one
(≈.×−m for a sensor with  µm long wires dissipating mW per wire),
except when getting near to thermal runaway, we can use a �rst order Taylor
expansion to arrive at:

Rtot = RoL{ +
αPtot

RT − i
Rα

} (B.8)

which shows that Rtot(Ptot) is a linear function of Ptot as long as αi
R ≪ RT. A

graph of Rtot versus Ptot is shown in Figure B.3.
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resistance

Power (W)

Re
si

st
an

ce
(kΩ
)

 . . . .  . . . .


.



.



.



.

Figure B.3: Total wire electrical resistance versus power dissipated for the four curves
shown in Figure B.2



Appendix C

Detailed process �ow of symmetric sensors

Step Process

 Substrate Silicon NL-CLR-Wafer Storage Cupboard

(#subs) ● Orientation: <>

● Diameter:  mm

● �ickness:  µm +/-  µm

● Polished: Single side (OSP)

● Resistivity: – cm

● Type: p/boron

�lm: LPCVD of low-stress SiRN (G-MPa)

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO

● Time =  min

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO

● Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry)

 Cleaning in % HNO at  ○C NL-CR-WB





 APPENDIX C Detailed process �ow of symmetric sensors

Step Process

(#clean) Purpose: removal of metallic traces.

● Beaker A or B:  % HNO

● Temperature =  ○C
● Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

Recipe : Quick dump rinsing (QDR)

 Substrate drying (WB) NL-CLR-WB

(#dry)

 Etching in % HF NL-CLR-WB

(#etch) Purpose: remove native SiO from silicon.

Beaker:  % HF

Temperature: room temperature

Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

Recipe : Quick dump rinsing (QDR)

 Substrate drying (WB) NL-CLR-WB

(#dry)

 LPCVD of SiRN (MPa) NL-CLR-Tempress LPCVD G

(#�lm) Program: N

Settings:

● SiHCl �ow:  sccm

● NH �ow:  sccm

● Temperature:  ○C
● Pressure:  mtorr

 Inspection of LPCVD/PECVD layers NL-CLR-cold light source

(#metro)
Particle and haze inspection of LPCVD layers using
a cold light source.
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Step Process

 Ellipsometer measurement NL-CLR-Woolam M- ellipsometer

(#metro)

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus spinner

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR-EV

(#litho) Electronic Vision Group EV Mask Aligner

● Hg-lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s
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Step Process

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse)

 Substrate drying NL-CLR-WB

(#dry)

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

�lm: Sputtering of Platinum (Sputterke)

 Sputtering of Pt NL-CLR-nr.  / Sputterke

(#�lm) Pt Target

● use Ar �ow to adjust sputter pressure

● base pressure: <×− mbar

● sputter pressure: .×− mbar

● power:  W

Deposition rate = – nm min−

lith: Metal li�-o� in aceton (WB)

 Lithography-Li�-o� NL-CLR-WB

(#litho) Use ultrasonic bath

Use beaker and waferholder

● Beaker : Aceton > min

● Beaker : Aceton > min

● Beaker : Isopropanol VLSI  min

 Substrate drying NL-CLR-WB

(#dry)

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/



141

Step Process

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus spinner

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR-EV

(#litho) Electronic Vision Group EV Mask Aligner

● Hg-lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry)

 Postbake of Olin OiR resists NL-CLR-WB
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Step Process

(#litho) Postbake: Hotplate

● Temperature:  ○C
● Time:  min

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

etch: RIE of silicon directional (TEtske)

 TEtske chamber clean NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

● O �ow:  sccm

● Power:  W

● Time:  min

● DC bias: − V

● Load: 

● Tune: 

 RIE of Silicon (directional) NL-CLR-TEtske

(#etch) Application: directional etching of silicon

Use clean chamber/Styros electrode/Showerhead

● Electrode temperature:  ○C
● Pressure:  mtorr

● SF �ow:  sccm

● Power:  W

● DC bias: – V

etch: RIE of silicon directional (TEtske)

 RIE of Silicon (directional) NL-CLR-TEtske

(#etch) Application: directional etching of silicon

Use clean chamber/Styros electrode/Showerhead

● Electrode temperature:  ○C
● Pressure:  mtorr

● SF �ow:  sccm

● Power:  W

● DC bias: – V
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Step Process

 Stripping of Resists and Fluorocarbon NL-CLR-TePla E

(#strip)
Purpose: stripping of resists and �uorocarbon using
O plasma.

● O �ow:  sccm ( %)

● Power:  W

● Pressure: . mbar

● Time: > min, continue until complete removal of
resist

 Etching in KOH standard NL-CLR-WB

(#etch)
Application: anisotropic etching of crystalline silicon
in KOH.

Beaker:  or 

● wt% KOH

● Temperature:  ○C
● Use stirrer

Etch rates:

Si <>=  µm min−

Si <>= . nm min−

SiO (thermal) =  nm h−

SiRN = <. nm h−

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

Recipe : Cascade rinsing for fragile wafers

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

Settings:  rpm,  min

�lm: PECVD of SiO - standard (Oxford)

 Chamber clean Oxford  PECVD NL-CLR-Oxford  PECVD

(#�lm) ● Chamber clean

 PECVD of SiO Standard NL-CLR-OXFORD Plasmalab +

(#�lm) Apply purge sequence before and a�er use

Purge sequence:  min N, pump down, apply three
times
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Step Process

Parameters:

● Electrode temp. = ○C
●  % SiH/N �ow =  sccm

● NO �ow =  sccm

● pressure =  mtorr

● APC = 

● power LF =  W

● Deposition rate=  nm min−

 Chamber clean Oxford  PECVD NL-CLR-Oxford  PECVD

(#�lm) ● Chamber clean

 Ellipsometer measurement NL-CLR-Woolam M- ellipsometer

(#metro)

 Inspection of PECVD layer NL-CLR-cold light source

(#metro)

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus coater

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
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● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR- EV

(#litho) ● Electronic Vision Group EV Mask Aligner

● Hg lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse)

 Substrate drying NL-CLR-WB

(#dry)

 Postbake of Olin OiR resists NL-CLR-WB

(#litho) Postbake: Hotplate

● Temperature:  ○C
● Time:  min

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

DRIE of Silicon: B-HARS STD (AdixenSE)

 Plasma etching of Si NL-CLR-Adixen SE

B-HARS STD

(#etch) Position:  mm

He pressure:  mbar

 sccm SF ,  s
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Step Process

 sccm CF ,  s. H-Power =  W,  ms. L-Power
= W,  ms

Source Gen. =  W

Position =  %

 Cleaning of chamber NL-CLR-AdixenSE

(#etch)
Purpose: cleaning of the chamber by removal of
�uorcarbon residues

Application: post-processing a�er etching your sub-
strates with �uorocarbon plasmas

SH temperature: any temperature

Position:  mm

He pressure:  mbar

 sccm O

APC =  %

ICP =  W

CCP =  W RF (SH gen )

Wafer = Si dummy wafer

Time =  min



Appendix D

Detailedprocess�owof sensorswith suspended
wires

Step Process

 Substrate SOI ● Device layer  µm

(#subs) ● Orientation: <>

● BOX Oxide layer: nm

Handle wafer

● Orientation: <>

● �ickness:  µm

● Diameter:  mm

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus spinner

● Olin OiR -

● Spin program:  rpm,  s
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Step Process

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR- EV

(#litho) Electronic Vision Group EV Mask Aligner

● Hg-lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry)

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

etch: DRIE of Silicon: C − SF/O cryogenic (W) (AdixenSE)

 Conditioning of chamber NL-CLR-AdixenSE

(#etch)
Purpose: conditioning of the chamber by removal of
�uorcarbon residues

Application: pre-processing of (cryogenic) SF/O
etching

SH temperature: any temperature

Pos:  mm
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Step Process

He pres:  mbar

Gas: O  sccm

APC:  %

ICP:  W

CCP:  W RF (SH gen )

Wafer: Si dummy wafer

Time:  min

 DRIE of SiliconC − SF/O Cryogenic NL-CLR-Adixen SE

(#etch) Program: C.CONT

SF :  sccm

O :  sccm

ICP:  W

CCP:  W

on/o� /

SH:  mm

APC:  %

Temp: − ○C

 Stripping of Organic Coatings NL-CLR-TePla

(#strip)
Purpose: stripping of organic coatings a�er DRIE/RIE
in O plasma.

 Stripping polymers and resists NL-CLR-WB

(#strip) Purpose: stripping of polymers and resists in Piranha.

HSO ∶ HO (:) vol%

Temperature:  ○C.

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry)

�lm: LPCVD of low-stress SiRN (G-MPa)

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO
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Step Process

● Time =  min

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO

● Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Cleaning in % HNO at  ○C NL-CR-WB

(#clean) Purpose: removal of metallic traces.

● Beaker A or B:  % HNO

● Temperature=  ○C
● Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying (WB) NL-CLR-WB

(#dry)

 Etching in % HF NL-CLR-WB

(#etch) Purpose: remove native SiO from silicon.

Beaker:  % HF

Temperature: room temperature

Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying (WB) NL-CLR-WB

(#dry)

 LPCVD of SiRN (MPa) NL-CLR-Tempress LPCVD G

(#�lm) Program: N

●  sccm SiHCl
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●  sccm NH

● Temperature:  ○C
● Pressure:  mtorr

 Inspection of LPCVD/PECVD layers NL-CLR-cold light source

(#metro)

 Ellipsometer measurement NL-CLR-Woolam M- ellipsometer

(#metro)

etch: RIE of silicon directional (TEtske)

 TEtske chamber clean NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm O

● Power:  W

● Time:  min

● DC bias: − V

● Load: 

● Tune: 

 RIE of Silicon (directional) NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm SF

●  sccm CHF

●  sccm O

● Power:  W

● DC bias: – V

etch: HPO etch (WB-standard)

 Etching in HPO Standard NL-CLR-WB

(#etch) Use dedicated beaker with re�ux lid for etching

Temperature:  ○C

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.
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Step Process

 Substrate drying NL-CLR-WB

(#dry)

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR- WB

(#litho) Coating: Primus coater

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR- EV

(#litho) ● Electronic Vision Group EV Mask Aligner

● Hg lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB



153
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(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry)

 Postbake of Olin OiR resists NL-CLR-WB

(#litho) Postbake: Hotplate

● Temperature:  ○C
● Time:  min

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

etch: DRIE of Silicon: C − SF/O cryogenic (W) (AdixenSE)

 Conditioning of chamber NL-CLR-AdixenSE

(#etch)
Purpose: conditioning of the chamber by removal of
�uorcarbon residues

Application: pre-processing of (cryogenic) SF/O

etching

SH temperature: any temperature

Pos:  mm

He pressure:  mbar

Gas:  sccm O

APC: %

ICP:  W

CCP:  W RF (SH gen )

Wafer:Si dummy wafer

Time:  min

 DRIE of SiliconC − SF/O Cryogenic NL-CLR-Adixen SE

(#etch) Program: C.CONT

SF :  sccm

O :  sccm
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ICP:  W

CCP LF:  W

on/o�: /

SH:  mm

APC:  %

Temperature: − ○C

 Stripping of Organic Coatings NL-CLR-TePla

(#strip)
Purpose: stripping of organic coatings a�er DRIE/RIE
in O plasma.

 Stripping polymers and resists NL-CLR-WB

(#strip) Purpose: stripping of polymers and resists in Piranha.

HSO ∶ HO (:) vol%

Temperature:  ○C.

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

�lm: LPCVD of low-stress SiRN (G-MPa)

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO

● Time =  min

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO

● Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Cleaning in % HNO at  ○C NL-CR-WB

(#clean) Purpose: removal of metallic traces.
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● Beaker A or B:  % HNO

● Temperature=  ○C
● Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying (WB) NL-CLR-WB

(#dry)

 Etching in % HF NL-CLR-WB

(#etch) Purpose: remove native SiO from silicon.

Beaker:  % HF

Temperature: room temperature

Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying (WB) NL-CLR-WB

(#dry)

 LPCVD of SiRN (MPa) NL-CLR-Tempress LPCVD G

(#�lm) Program: N

●  sccm SiHCl
●  sccm NH

● Temperature:  ○C
● Pressure:  mtorr

 Inspection of LPCVD/PECVD layers NL-CLR-cold light source

(#metro)
Particle and haze inspection of LPCVD/PECVD lay-
ers using a cold light source.

 Ellipsometer measurement NL-CLR-Woolam M- ellipsometer

(#metro)

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/



 APPENDIX D Detailed process �ow of sensors with suspended wires

Step Process

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus spinner

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR- EV

(#litho) Electronic Vision Group EV Mask Aligner

● Hg-lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.
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 Substrate drying NL-CLR-WB

(#dry)

 Postbake of Olin OiR resists NL-CLR-WB

(#litho) Postbake: Hotplate

● Temperature:  ○C
● Time:  min

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

�lm: Sputtering of Platinum (Sputterke)

 Sputtering of Pt NL-CLR-nr.  / Sputterke

(#�lm) Pt Target

● use Ar �ow to adjust sputter pressure

● base pressure: <.×− mbar

● sputter pressure: .×− mbar

● power:  W

depositionrate = – nm min−

 Lithography- Li�-o� NL-CLR-WB

(#litho) Use ultrasonic bath

Use beaker and waferholder

● Beaker : Aceton > min

● Beaker : Aceton > min

● Beaker : Isopropanol VLSI > min

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner
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● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus spinner

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR- EV

(#litho) Electronic Vision Group EV Mask Aligner

● Hg-lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

 Postbake of Olin OiR resists NL-CLR-WB

(#litho) Postbake: Hotplate
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Step Process

● Temperature:  ○C
● Time:  min

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

etch: RIE of silicon directional (TEtske)

 TEtske chamber clean NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

● O �ow:  sccm

● Power:  W

● Time:  min

● DC bias: − V

● Load: 

● Tune: 

 RIE of Silicon (directional) NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm SF

●  sccm CHF

●  sccm O

● Power:  W

● DC bias: – V

 Stripping of Organic Coatings NL-CLR-TePla 

(#strip) Purpose:

Flow:  sccm O

Pressure . mbar

Power:  W

Time:  min

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate



 APPENDIX D Detailed process �ow of sensors with suspended wires

Step Process

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus spinner

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR- EV

(#litho) Electronic Vision Group EV Mask Aligner

● Hg-lamp:  mW cm−

● Exposure time:  s

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.
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Step Process

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

 Postbake of Olin OiR resists NL-CLR-WB

(#litho) Postbake: Hotplate

● Temperature:  ○C
● Time:  min

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

etch: RIE of silicon directional (TEtske)

 TEtske chamber clean NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm O

● Power:  W

● Time:  min

● DC bias: − V

● Load: 

● Tune: 

 RIE of Silicon (directional) NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm SF

●  sccm CHF

●  sccm O

● Power:  W

● DC bias: – V

strip: Stripping of resists in Piranha (WB)

 Stripping polymers and resists NL-CLR-WB

(#strip) Purpose: stripping of polymers and resists in Piranha.

HSO ∶ HO (:) vol%

Temperature:  ○C.
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Step Process

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

�lm: PECVD of SiO - standard (Oxford)

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO

● Time =  min

 Cleaning in % HNO NL-CLR-WB

(#clean) Purpose: removal of organic traces.

● Beaker :  % HNO

● Time =  min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

 Chamber clean Oxford  PECVD NL-CLR-Oxford  PECVD

(#�lm) ● Chamber clean

 PECVD of SiO Standard NL-CLR-OXFORD Plasmalab +

(#�lm) Apply purge sequence before and a�er use

Purge sequence:  min N , pump down, apply three
times

Parameters:

● Electrode temp. =  ○C
●  % SiH/N �ow =  sccm

●  sccm NO

● pressure =  mtorr

● APC = 

● power LF =  W

● Deposition rate=  nm min−
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Step Process

 Chamber clean Oxford  PECVD NL-CLR-Oxford  PECVD

(#�lm) ● Chamber clean

 Ellipsometer measurement NL-CLR-Woolam M- ellipsometer

(#metro)

 Inspection of LPCVD/PECVD layers NL-CLR-cold light source

(#metro)
Particle and haze inspection of LPCVD/PECVD lay-
ers using a cold light source.

litho: Lithography of Olin Oir - (positive resist - ILP)

 Dehydration bake NL-CLR-WB/

(#litho) Dehydration bake on hotplate

● Temperature:  ○C
● Time:  min

 Priming HMDS (liquid) NL-CLR-WB/

(#litho) Coating: Primus Spinner

● HexaMethylDiSilazane (HMDS)

● Spin program:  rpm,  s

 Coating of Olin OiR - NL-CLR-WB

(#litho) Coating: Primus spinner

● Olin OiR -

● Spin program:  rpm,  s

 Prebake of Olin OiR - NL-CLR-WB

(#litho) Prebake: Hotplate

● Temperature:  ○C
● Time:  s


Alignment & exposure of Olin OiR
-

NL-CLR- EV

(#litho) Electronic Vision Group EV Mask Aligner

● Hg-lamp:  mW cm−

● Exposure time:  s



 APPENDIX D Detailed process �ow of sensors with suspended wires

Step Process

 A�er exposure bake ofOlinOiR resists NL-CLR-WB

(#litho) A�er exposure bake: Hotplate

● Temperature:  ○C
● Time:  s

 Development of Olin OiR resists NL-CLR-WB

(#litho) Development: OPD

● Beaker :  s

● Beaker : – s

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

 Postbake of Olin OiR resists NL-CLR-WB

(#litho) Postbake: Hotplate

● Temperature:  ○C
● Time:  min

 Inspection by optical microscope NL-CLR- Nikon Microscope

(#metro)

etch: RIE of silicon directional (TEtske)

 TEtske chamber clean NL-CLR-TEtske

(#etch)
Select the correct etch chamber and electrode for your
etch process.

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm O

● Power:  W

● Time:  min

● DC bias: − V

● Load: 

● Tune: 

 RIE of Silicon (directional) NL-CLR-TEtske
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Step Process

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm SF

●  sccm CHF

●  sccm O

● Power:  W

● DC bias: – V

etch: RIE of silicon directional (TEtske)

 TEtske chamber clean NL-CLR-TEtske

(#etch)
Select the correct etch chamber and electrode for your
etch process.

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm O

● Power:  W

● Time:  min

● DC bias: − V

● Load: 

● Tune: 

 RIE of Silicon (directional) NL-CLR-TEtske

(#etch)

● Electrode temperature:  ○C
● Pressure:  mtorr

●  sccm SF

●  sccm CHF

●  sccm O

● Power:  W

● DC bias: – V

etch: DRIE of Silicon: C − SF/O cryogenic (W) (AdixenSE)

 Conditioning of chamber NL-CLR-AdixenSE

(#etch)
Purpose: conditioning of the chamber by removal of
�uorcarbon residues

SH temperature: any temperature

Pos:  mm

He pressure:  mbar
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Step Process

Gas:  sccm O

APC:  %

ICP:  W

CCP:  W RF (SH gen )

Wafer: Si dummy wafer

Time:  min

 DRIE of SiliconC − SF/O Cryogenic NL-CLR-Adixen SE

(#etch) Program: C.CONT

SF:  sccm

O:  sccm

ICP:  W

CCP LF:  W

on/o�: /

SH:  mm

APC:  %

Temperature: − ○C

 Stripping of Organic Coatings NL-CLR-TePla

(#strip)
Purpose: stripping of organic coatings a�er DRIE/RIE
in O plasma.

 Stripping polymers and resists NL-CLR-WB

(#strip) Purpose: stripping of polymers and resists in Piranha.

HSO ∶ HO (:) vol%

Temperature:  ○C.

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

 Etching SiO BHF (:) NL-CLR-WB or 

(#etch) Use private beaker with BHF (:)

Temp.: room temperature

Etchrates:
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Step Process

● PECVD SiO : /nm/min

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

 Etching in KOH standard NL-CLR-WB

(#etch)
Application: anisotropic etching of crystalline silicon
in KOH.

● wt% KOH

● Temperature:  ○C
● Use stirrer

Etch rates:

Si <>=  µm min−

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry) Single substrate drying:

 Etching SiO BHF (:) NL-CLR-WB or 

(#etch) Use private beaker with BHF (:)

Temperature: room temperature

 Quick Dump Rinse (QDR) NL-CLR-Wetbenches

(#rinse) Purpose: removal of traces of chemical agents.

 Substrate drying NL-CLR-WB

(#dry)
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Samenvatting

Dit proefschri� beschrij� de ontwikkeling, realisatie en karakterisatie van twee
dimensionale sensoren voormeting van akoestische deeltjessnelheid, gebaseerd op
thermische convectie. De sensoren, in de orde van grootte van  ×  mm, bestaan
uit twee kruisende draden en elke draad is in staat om deeltjessnelheid te meten
in de richting parallel aan de draad. Door de kleine afmetingen van de sensoren is
het mogelijk om deeltjessnelheid te meten met een hoge ruimtelijke resolutie en
minimale verstoring van het geluidsveld.
Sensoren met variërende elektrische en mechanische eigenschappen werden

gerealiseerd en gekarakteriseerd. De resultaten hiervan maken inzichtelijk wat de
optimale sensor con�guratie is en in hoeverre een daarvan afwijkend ontwerp
van invloed is op signaalkwaliteit met betrekking tot onder ander sensitiviteit,
bandbreedte, energieverbruik en ruis. De invloed van de oscillerende grenslaag
op de signaalkwaliteit werd verder onderzocht, hetgeen resulteerde in de realisatie
van een sensor die geoptimaliseerd is voor het meten van laagfrequente deelt-
jessnelheid. De invloed van de metaallaag op de gevoeligheid van de sensoren
werd ook onderzocht. Dit resulteerde in het ontwikkelen van sensoren met hogere
gevoeligheid, betere reproduceerbaarheid en stabiliteit op lange termijn.
Experimenten tonen aan dat deze sensor ook geschikt is voor het meten

van deeltjessnelheid in vloeistof. Hoewel er verder onderzoek nodig is voor het
optimaliseren van de sensor voor metingen onder water, zijn de resultaten tot nu
toe veelbelovend.
De sensoren zijn klein enmechanisch robuuster dan bestaande deeltjessnelheid

sensoren bestaande uit twee of meerdere parallelle draden. Hierdoor kunnen de
sensoren beter tegen metingen bij hoge geluidsintensiteit waar de luchtweerstand
van belang is. Verder kunnen de sensoren hierdoor ook beter tegen ruwe fabricage
stappen wat leidt tot hogere rendementen bij de productie. In plaats van de
sensoren los te zagen uit de wafer zoals in het verleden werd gedaan, kan er
in het geval van de nieuwe sensoren, die gebaseerd zijn op twee kruisende draden,
gebruik worden gemaakt van het breken van samples uit de wafer. Deze techniek
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is sneller, voordeliger en resulteert in een hoger rendement van de fabricage.
Verder hee� deze soort sensoren als voordeel dat er slechts vier elektrische

aansluitingen nodig zijn, wat resulteert in gereduceerde assemblage en navenant
lagere kosten. Tot slot, de deeltjessnelheid sensor gebaseerd op twee kruisende
draden is ruim toepasbaar en kan geoptimaliseerdworden voor speci�eke toepassin-
gen waar bepaalde aspecten zoals gevoeligheid, energieverbruik of mechanische
sterkte van belang zijn.
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